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Abstract
As the standard model of particle physics does not account for several phenomena, it is manda-
tory to go beyond. In particular the hierarchy problem and the nature of dark matter are still
unexplained. To test new theories, precise and reliable predictions are required. This thesis
is thus devoted to precision calculations for beyond the standard model theories. The Large
Hadron collider (LHC) and astrophysics experiments offer opportunities to confirm or exclude
beyond the standard model theories. Supersymmetry is one of the best motivated models of new
physics and thus searching for it at the LHC is one of the main tasks of the experimental collab-
orations. Hence in the present work, the fully differential calculations of the decay of strongly
interacting particles at next-to-leading order in supersymmetric QCD are presented. Different
methods to combine production processes and decays at next-to-leading order are discussed.
Using this, spin effects for processes involving gluinos are also inferred. Finally, a dark matter
study examining several models in the context of indirect detection is presented. In particular,
this study focuses on the role of electroweak corrections.
Zusammenfassung
Da das Standardmodell der Teilchenphysik mehrere Pha¨nomene nicht beschreiben kann, muss
man u¨ber erweiterte Modelle nachdenken. Insbesondere das Hierarchieproblem und die Natur
der dunklen Materie werden im Standardmodel nicht erkla¨rt. Um neue Theorien zu testen, sind
pra¨zise und zuverla¨ssige Vorhersagen erforderlich. Diese Arbeit widmet sich daher Pra¨zisions-
rechnungen jenseits des Standardmodells. Der Large Hadron Collider (LHC) und astrophysikalis-
che Experimente erlauben es, Theorien jenseits des Standardmodells zu besta¨tigen oder auszu-
schließen. Supersymmetrie ist eine der am besten motivierten Modelle fu¨r neue Physik, und die
Suche danach ist eine der Hauptaufgaben der experimentellen Kollaborationen am LHC. Daher
wird in der vorliegenden Arbeit die voll differentielle Berechnungen des Zerfalls stark wechsel-
wirkender Teilchen in der na¨chstfu¨hrenden Ordnung der supersymmetrischen QCD vorgestellt.
Verschiedene Methoden, um die Produktionsprozesse und den Zerfalls in na¨chstfu¨hrenden Ord-
nung zu verbinden, werden diskutiert. Mit Hilfe dieser Ergebnisse werden Spineffekte in Prozes-
sen mit Gluinos untersucht. Desweiteren werden mehrere Modelle zur Erkla¨rung der dunkler
Materie im Hinblick auf deren indirekten Nachweis untersucht. Insbesondere liegt dabei der
Fokus auf dem Einfluss elektroschwacher Korrekturen.
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The purpose of Physics is the understanding of the phenomena of nature. At the TeV scale
lots of them are not yet explained. They range from the hierarchy problem to the nature of dark
matter. Thus going beyond our present knowledge is required. This means establishing new
theories that can eventually be tested in experiments. In order to test with high accuracy theories
beyond the standard model, one needs precise predictions. Currently, the Large Hadron Collider
(LHC) is one of the most ambitious experiment in physics and has complementarity with other
experiments in astrophysics for example. For dark matter studies, collider experiments are more
sensitive to a certain range of parameters space while direct and indirect detection can probe
different regions. The complementarity also holds for the methods. Indeed, it is possible to
extend calculations and methods that have been developed for collider physics to other types of
searches. It is exemplified in this thesis where precision calculations for new physics are applied
in two different contexts namely hadron collider physics and dark matter indirect detection.
Among new physics theories, supersymmetry is one of the theory that raised the biggest
interests in the last decades. It originates from the fact that its algebra provides a non trivial
relation between bosonic and fermionic generators. It is the only non trivial extension of the
Poincare´ group and it turns out that supersymmetry predicts the existence of new particles. They
constitute the superpartners of the standard particles and differ from them by their spin only.
These particles have the advantage to solve the hierarchy problem in an elegant way. On top
of this, assuming R-parity in supersymmetry leads naturally to the existence of a stable neutral
particle. The latter being a perfect candidate for dark matter. Unbroken supersymmetry is an
extremely predictive theory as it predicts the existence of particles with exactly the masses of
their standard model partners. Unfortunately these new resonances have not been found so
far. It means that supersymmetric has to be broken. Despite being theoretically well motivated
no supersymmetry breaking mechanism can be assumed to be true. To circumvent this, one
can parametrise this breaking. The drawback of this parametrisation is that it has more than
hundred free parameters. It makes thus the search for supersymmetric particles even more
challenging.
Collider experiments such as LHC are running extremely active physics programs. In par-
ticular the search for supersymmetric particles is one of the central task for the experimental
collaborations. In order to match the unprecedented experimental precision, precise theoretical
predictions are required. Especially, inaccurate predictions can lead to the exclusion of valid
parameters points. Over the last decades, lots of higher order calculations have been done in
supersymmetry. In particular, next-to-leading order (NLO), threshold and resummation calcula-
tions have been performed. The vast majority of these calculations have been performed using
degenerate squarks masses. Moreover these studies focused mainly on total cross sections. To
search for supersymmetric particles, experimental collaborations use distributions of various
observables. Often they use as predictions leading order observables rescaled by global next-to-
leading order K-factors. These K-factors do not treat all individual sub-channels separately and
degenerate squarks masses are assumed. These assumptions can have a big impact on predic-
tions. It is thus of vital importance to go beyond this approach by providing fully differential
next-to-leading order results keeping mass dependences in all sub-channels.
Precise calculations are not restricted to hadron collider physics. Indeed, precise calculations
to indirect detection of dark matter can also be important. In this context the inclusion of
electroweak corrections is particularly relevant. Electroweak corrections are usually small but
the radiation of massive gauge bosons allows for the presence of all standard model particles in
the final state. This remark is motivated by the last results released by the AMS collaboration.
The measurement of the electron/positron fraction shows an excess at high energy with respect
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to the expected astrophysics background. No such excess is observed in the antiproton flux.
Leptophilic dark matter models where the dark matter particles annihilate into leptons are then
relevant. There the tree level process produces leptons only. But when including radiation
of massive gauge bosons, antiprotons will be present in the final state through the decay of
the gauge bosons. The inclusion of these corrections is thus of vital importance for indirect
dark matter detection. Calculating electroweak corrections can be a tedious task. Obtaining
them in a generic fashion is thus highly desirable. This is done by the so-called fragmentation
functions approach. Obtaining further understanding on the fragmentation functions approach
is thus important.
The main topic of this thesis is thus precision calculations for new physics theories. It is
divided into four parts. It starts with the motivations to go beyond the standard model physics.
Then the rest of this section is mainly devoted to reviewing the motivations, the basic properties
and the main features of supersymmetry. At the end, the principle of higher order calculations is
explained and the settings used in this work to perform such calculations is presented. In the sec-
ond part, the production processes for strongly interacting supersymmetric particle are reviewed
first. In the following, the emphasis is set on the analytical calculation of the decay of squarks
and gluinos at next-to-leading order in supersymmetric quantum chromodynamics (QCD). The
method used is explained and in particular special care is taken to obtain fully differential re-
sults from theses calculations. Moreover, for the decay of gluinos, the spin dependence is kept
explicit. Then these next-to-leading order calculations to the decays of squarks and gluinos are
combined with their respective production processes. This is the topic of the third part where a
numerical analysis is performed at the cross section and distribution level. In particular different
settings for combining production and decay process at next-to-leading order are outlined. This
combination has been done in the limit of the narrow width approximation. Also, as the gluino
is a spin one-half particle, the combination of the decay to its production process has to be made
appropriately. To conclude this part, a study of the potential impact of spin dependent observ-
ables is provided. Finally, this LHC study is supplemented by a dark matter study in the context
of indirect detection. To infer the correctness of the fragmentation functions approach, it has
been compared to full calculations for two different dark matter models, namely a Majorana
dark matter and a vector dark matter candidate. In particular distributions are compared at the
annihilation level. After the annihilation, the final state particles (here the electron, positron
and gauge boson) decay while taking into account the hadronisation and the radiations of light
particles. The stable particles are then propagated through the galaxy using a Green function
formalism. From this, the fluxes of stable standard model particles on earth can be predicted.
Finally, this thesis is completed by a conclusion where the main findings are outlined.
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Chapter 1
Why there is a need for physics beyond
the standard model
As it stands the standard model of particle physics as well as the one of standard cosmology
(Λ-CDM model i.e. a cosmological constant with cold dark matter) does not encompass all
physical phenomena of our universe. It also contains fine tuning problems such as the hierarchy
problem, the cosmological constant problem or the fact that our universe might be in a false
vacuum [1, 2]. The mechanism responsible for the expansion of the universe and the nature
of dark matter is still unknown. The standard model does not provide any explanation to the
fact that there is more matter than anti-matter in the universe as well as a theory accounting
for neutrino masses. Also, the nature of the original singularity of our universe is still a mystery.
And last but no least, there is no confirmed theory that accounts for the quantum nature of
gravity. For all these reasons, going beyond the standard model is mandatory. In this section,
two of the main motivations for beyond the standard model theories are reviewed.
1.1 The hierarchy problem
The so-called hierarchy problem is one of the most puzzling issue in theoretical physics [3–
6]. The hierarchy refers to the existence of two extremely different physical scales. At some
high scale, the quantum effects of gravity have to be taken into account. Indeed at this energy,
quantum corrections to gravitational interactions cannot be neglected any more. Thus new
physics is expected to appear at this energy. This scale would be of order of the Planck scale i.e.
around 1019 GeV. The electroweak sector with the vacuum expectation value of the Higgs field,
v ≈ 246 GeV lies in the GeV range. The question is then, why such a discrepancy between these
two fundamental scales? Another way of formulating this problem is by evoking the Higgs mass
instability i.e. the fact that corrections to the Higgs mass are huge compared to the mass itself.
The Higgs potential is
V = −µ2φ†φ+ λ
4
(
φ†φ
)
, (1.1)
where λ is the strength of the Higgs self-interaction and −µ2 is a negative mass term. The
minimum of the potential has a non-zero value,
|φ| =
√
2µ/
√
λ ≡ v/
√
2, (1.2)
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where µ > 0. One can then look at the behaviour of the quantum corrections.
The standard model is a renormalisable theory [7]. It means that corrections are finite at all
order even for four momenta in the loop integrals going to infinity. Thus in theory, one could
extend the standard model up to the Planck scale. But for the reasons previously explained, one
expects new physics to appear below this scale. As the standard model is mostly regarded as an
effective theory, to any loop integral one can set a cut-off Λ as∫ Λ
d4kf(k, external momenta), (1.3)
where k denotes the internal four momentum. This cut-off Λ should be the energy scale where
new physics appear (at least at the Planck scale). The integral over internal momentum of the
Higgs field self-interaction loop represented in the Fig. 1.1 is proportional to
λ
∫ Λ
d4k
1
k2 −m2H
, (1.4)
with mH the mass of the Higgs field. It thus gives a quadratic divergent contribution ∼ λΛ2φ†φ
to the term −µ2φ†φ term in the potential.
Figure 1.1: Scalar field self-energy.
From Eq. (1.2) one obtains µ = v
√
λ/2 where v is known phenomenologically (v ≈ 246
GeV). Thus the parameter µ can hardly be greater than of the order of a few hundred GeV. In-
deed the parameter λ has to be small in order to be able to apply perturbation theory. So −µ2 ∼
−(100GeV)2 while the correction previously calculated is of the order of (MP )2 ∼ (1019GeV)2.
So for the corrections to be of the order of ∼ −(100GeV)2 (i.e. to have small corrections even-
tually), one has to start from ∼ −(1019GeV)2 for the Lagrangian parameter (the bare param-
eter). Then, the correction will cancel this huge parameter to give rise to the expected value
−µ2 ∼ −(100GeV)2. This enormous cancellation is usually considered unnatural and this is the
fine tuning aspect of the hierarchy problem. Thus a mechanism that could explain or provide an
alternative to this huge cancellation would be very attractive.
Note that the hierarchy problem is sometimes considered as an aesthetics problem because
one could just accept this cancellation1. Nonetheless. there are two scales that cannot be
accommodated by the effective field theory which is the standard model of particle physics.
Finally, we should repeat that there is no problem with the standard model at any scale. But the
standard model is not valid at any scale as it does not encompass quantum gravity.
1.2 Evidences for dark matter
There are lots of evidences for the existence of dark matter [14, 15]. The first evidence for
non-standard astrophysical behaviour has been reported by Zwicky in 1933 [16]. He reported
1The two main ideas about this argument originate from Refs. [8, 9]. Following this work, numerous models
[10–13] have been implemented.
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an excess of mass in the galaxy cluster Coma. Probably the most convincing evidence is the
observation of rotation curves of galaxies [17–19]. Indeed, the measurements do not match
the rotation curve expected from Newtonian dynamics. In particular, the mass density profile
measured is different from the one of a galaxy formed only of normal matter. It has thus to be
accounted by an extra source, namely dark matter. This is further supported by weak gravita-
tional lensing [20]. A last evidence concerning gravitation measurement is the observation of
the Bullet cluster [21, 22]. It consists of two colliding clusters of galaxies. It has been inferred
that the reconstructed mass obtained from gravitational lensing does not match the one obtained
from X-rays study. This has been usually accepted as the ultimate proof for the existence of dark
matter against e.g. modification of Newtonian dynamics (MOND) [23]. Finally, cosmology also
provides evidences for dark matter. In particular cosmological parameters can be extracted from
the observation of the cosmic microwave background [24, 25]. These measurements point with
a high confidence level towards the statement that a huge fraction of our Universe is made of
dark matter. Thus these experimental evidences are another proof that new physics is needed,
as the standard model does not provide a dark matter candidates.
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Chapter 2
Motivations for supersymmetry
Supersymmetry is the symmetry between two different types of particles namely the bosons and
the fermions. As every symmetry it originates from the algebra that translates into symmetry
transformations and a particular Lagrangian. This Lagrangian exhibits the existence of new
particles which can also be seen as an addition of dimensions (the superspace). In this chapter,
we will review the main characteristics and motivations of N = 1 supersymmetry [26].
2.1 The origin of supersymmetry
Poincare´ group
Conserved quantities and symmetry are closely related [27]. The theory of special relativity
states that the spacetime interval is conserved during a change of reference frame1. In any
inertial frame the spacetime interval reads
ηµνdx
′µdx′ν = ηµνdxµdxν , (2.1)
or equivalently
ηµν
∂x′µ
∂xρ
∂x′ν
∂xσ
= ηρσ. (2.2)
This definition ensures that the speed of light is the same in any inertial frame. Equation (2.2)
implies that any transformation (called general Lorentz transformation) xµ → x′µ is linear and
can then be written as
x′µ = Λµνx
ν + aµ, (2.3)
with aµ constants and Λµν a constant matrix. From Eq. (2.2), it appears that Lorentz transforma-
tions should obey the following equation:
ηµνΛ
µ
ρΛ
ν
σ = ηρσ. (2.4)
Thus any transformation T satisfies the composition rule
T (Λ′, a′)T (Λ, a) = T (Λ′Λ,Λ′a+ a′). (2.5)
1For a more detailed treatment, one can refer to Ref. [7, 28, 29].
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Here the prime denotes a different transformation. Note that the inverse transformation is
T (Λ−1,−Λ−1a) with T (1, 0) the identity transformation. The transformation T (Λ, a) can be
described by a representation. The unitary linear operator in Hilbert space is then defined as
Ψ→ U(Λ, a)Ψ. (2.6)
Hence the representation of the transformations also satisfies the composition rule
U(Λ′, a′)U(Λ, a) = U(Λ′Λ,Λ′a+ a′). (2.7)
The whole group of transformations T is called inhomogeneous Lorentz group or Poincare´
group. The Poincare´ group is the group of transformations which are constituted of the trans-
lations plus the transformations described by the proper Lorentz group. It is thus denoted by
R1,3 × SO(1, 3). In four dimensions, there are 4 possible translations (one for time and three
for space) and the dimension of SO(1, 3) is 6. Thus the dimension of the Poincare´ group is 10.
One can study the Poincare´ algebra by investigating the properties of the group elements near
the identity. If one considers infinitesimal transformations of the inhomogeneous Lorentz group,
one obtains
Λµν = δ
µ
ν + ω
µ
ν and a
µ = µ, (2.8)
with ωµν and µ infinitesimal parameters. Note that the identity transformation corresponds
to Λµν = δµν and aµ = 0. Equation (2.4) implies that ωµν is antisymmetric. Thus ωµν has 6
independent components. By adding the 4 independent parameters from the translation aµ, one
concludes that any inhomogeneous Lorentz transformation is also described by 10 parameters.
Considering the infinitesimal transformation of Eq. (2.8), its representation should be equal
to unity plus terms linear in ωµν and µ. One can thus write it in the following form
U(1 + ω, ) = 1 +
1
2
iωρσJ
ρσ − iρP ρ + · · · . (2.9)
The dots denote higher order in ω and . The generators Jρσ and P ρ are independent of ω
and . From the definition of the representation of a group, it is clear that these operators are
the representations of the generators of the algebra for the group. Because U is unitary, the
operators J and P have to be Hermitian i.e.
Jρσ† = Jρσ and P ρ† = P ρ. (2.10)
Note that, P 1, P 2, and P 3 can be seen as the components of the momentum operator. Moreover
J23, J31, and J12 are the components of the angular momentum vector. Finally, P 0 is the energy
operator i.e. the Hamiltonian. By using the composition rule of the representation in Eq. (2.7)
one can write
U(Λ, a)U(1 + ω, )U−1(Λ, a) = U(Λ(1 + ω)Λ−1,Λ− ΛωΛ−1a). (2.11)
This can be expanded to first order in ω and  and gives
U(Λ, a)
[
1
2
ωρσJ
ρσ − ρP ρ
]
U−1(Λ, a) =
1
2
(ΛωΛ−1)µν − (Λ− ΛωΛ−1a)µPµ. (2.12)
Using this and performing few other changes, one gets
12
i [Jµν , Jρσ] = ηνρJµσ − ηµρJνσ − ησµJρν + ησνJρµ,
i [Pµ, Jρσ] = ηµρP σ − ηµρP ρ,
[Pµ, P ρ] = 0. (2.13)
These commutation relations constitute the Poincare´ algebra.
Supersymmetry algebra
The Coleman-Mandula no-go theorem [30]2 states that the most general Lie algebra of symme-
try operators that commute with the S-matrix are generators of the Poincare´ group and internal
symmetry generators. Symmetry generators are Hermitian generators that commute with the
S matrix. This theorem is valid under the following assumptions: first the number of particles
below a given mass has to be finite. Second, it exists scattering at all energy (i.e. for any two
particles state there is a scattering at all energies except maybe for given values) and the S
matrix is analytic. Thus this theorem demonstrates that there cannot be other symmetries than
Poincare´ or internal symmetries in quantum field theory. But one has to note that this theorem
is valid if only bosonic operators are considered.
This study has been enlarged to fermionic operators in Ref. [31]. It is known as the Haag-
Lopuszanski-Sohnius theorem. To do so one allows commutation relations as well as anticom-
mutation relations between generators of this new Lie algebra. In fact this so called graded Lie
algebra is strongly constrained by spacetime symmetries (which reduces to considering Poincare´
group). The fermionic operators here are denoted by QLα (L = 1, ..., µ;α = 1, 2) and Q
L
α˙ de-
pending on the spinor representation (1/2, 0) or (0, 1/2)3. The symbol µ denotes the size of
the spacetime dimension. The theorem shows that fermionic generators necessarily belong to
the (1/2, 0) or (0, 1/2) representation and lead to a non trivial algebra. The commutation and
anticommutation relations read4:
{QLα, QMβ } = αβ
∑
l
(al)LMBl ≡ αβZLM , (2.14)
where Bl are bosonic operators. Thus ZLM are bosonic symmetry generators too and
[ZLM , G] = 0, (2.15)
where G denotes all the fermionic generators. The other relations of the algebra are:
{QLα, QMβ˙ } = δLMσµαβ˙Pµ, (2.16)
[QLα, Bl] =
∑
M
sLMl Q
M
α , (2.17)
[Bl, Bm] = i
∑
k
cklmBk, (2.18)
2This discussion originates from Ref. [26] where one can find a simpler proof of the theorem.
3Following the notation of van der Waerden [32].
4The relations are here reproduced using the convention of the original article.
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[Qα, Pµ] = [Bl, Pµ] = [Bl,Mµν ] = 0, (2.19)
[QLα,Mµν ] =
1
2
(σµν)
β
α Q
L
β , (2.20)
with Mµν and Pµ the Poincare´ operators. There exists then non trivial relations between bosonic
and fermionic operators. This is the origin of the symmetry between fermions and bosons. Hence
the symmetries of spacetime lead to a unique algebra.
From the algebra, it is then possible to derive a Lagrangian invariant under supersymmetry5.
From the action of supersymmetry generators on supermultiplets, one can asset that for a scalar
field φ,
[Qa, φ(x)] = 0, (2.21)
− i
∑
b
eab[Q
∗
b , φ(x)] ≡ ζa(x) 6= 0, (2.22)
where eab is a 2 × 2 antisymmetric matrix with e1/2,−1/2 ≡ +1. The symbol ζa denotes a two-
components spinor field that belongs to the (1/2, 0) representation of the homogeneous Lorentz
group. By calculating different (anti-) commutation relations, one gets in addition:
{Qa, ζ(x)} = 2(eσµ)ab∂µφ(x) , (2.23)
−i{Q∗a, ζa(x)} = 2δabF∗(x) , (2.24)
[Q∗c ,F(x)] = 0 , (2.25)
[Qc,F(x)] =
∑
a
σµac∂µζa(x). (2.26)
Hence the two scalar fields φ and F and the spinor field ζa provide a representation of the
supersymmetric algebra. These relations can also be expressed in another way by using
δO(x) ≡
[∑
a
(∗aQa + aQ
∗
a),O(x)
]
. (2.27)
Hence:
δφ(x) = −i
∑
ab
aeabζb(x), (2.28)
δζa(x) = −2
∑
b
∗b(σ
µe)ba∂µφ(x)− 2iaF(x), (2.29)
δF(x) = −
∑
ab
∗bσ
µ
ba∂µζa(x). (2.30)
Then it is possible to redefine these three fields by using four real bosonic fields and a four-
component Majorana spinor as follows,
5A detailed treatment can be found in Ref. [26].
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A+ iB√
2
≡ φ , F − iG√
2
≡ F , (2.31)
and
ψ ≡ 1√
2
(
ζa
−∑b eabζ∗a
)
. (2.32)
Then the transformations become
δA = αψ , δB = −iαγ5ψ , (2.33)
δψ = ∂µ(A+ iγ5B)γ
µα+ (F − iγ5G)α ,
δF = αγµ∂µψ , δG = −iαγ5γµ∂µψ .
Witting a Lagrangian invariant under these transformations leads then to the Wess-Zumino
model [33].
2.2 Supersymmetry and the hierarchy problem
In the previous section, the hierarchy problem has already been mentioned. Here the argu-
ments will be made more precise and the supersymmetric solution to the hierarchy problem
will be explained [34]. To do this, we will go through several examples of two-point functions
with vanishing external momenta computed at one-loop order. This quantity can -as a rough
approximation- be interpreted as the mass parameter in the Lagrangian of the theory.
Few examples
First one can compute the photon self-energy. Some of its contributions are due to the electron
loop displayed in Fig. 2.1. It reads
γ
e−
e+
γ
Figure 2.1: The photon self-energy diagram in Quantum Electrodynamics.
piµνγγ (0) = −
∫
d4k
(2pi)4
Tr
[
(−ieγµ) i
/k −me (−ieγ
ν)
i
/k −me
]
= −4e2
∫
d4k
(2pi)4
2kµkν − gµν(k2 −m2e)
(k2 −m2e)2
= 0, (2.34)
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with e the electromagnetic coupling and me the electron mass. This result is only true in a
regularisation scheme that preserve gauge invariance for example dimensional regularisation
[34]. It is manifest that the mass of the photon (which is zero) does not get any corrections at
one-loop order. In fact this is true at all orders in perturbation theory and it is due to the exact
U(1) gauge invariance of Quantum Electrodynamics. Thus the mass of the photon is “protected”
by U(1) symmetry.
One can then consider the electron two-point function (displayed in Fig. 2.2):
e−
γ
e−
Figure 2.2: The electron self-energy diagram in Quantum Electrodynamics.
piee(0) =
∫
d4k
(2pi)4
(−ieγµ) i/k −me (−ieγν)
−igµν
k2
= −e2
∫
d4k
(2pi)4
1
k2 −m2e
γµ(/k +me)γ
µ
= −4e2me
∫
d4k
(2pi)4
1
k2(k2 −m2e)
. (2.35)
To obtain the last line, we used the fact that the /k-term in the numerator vanishes after inte-
gration if one uses a regulator that respects Poincare´ invariance. It is obvious that Eq. (2.35)
has a logarithmic divergence in the ultraviolet (i.e. for momentum going to infinity). Note that
this correction to the electron mass is actually proportional to the electron mass. Even if this
correction is actually infinite, it is possible to evaluate the value of this correction by choosing
as a cut-off the highest known scale in physics meaning the Planck scale, it gives
δme w 2
αem
pi
me log
MPl
me
w 0.24me, (2.36)
which can be considered as small. Again, this correction is related to a symmetry. Indeed,
the correction tends to zero when me → 0. This can be explained by the fact that the theory
is invariant under chiral rotations ψe → exp(iγ5φ)ψe. If this symmetry was exact -as in the
previous case- the correction would also vanish and we could asset that the mass of the electron
is protected by the chiral symmetry. In reality, the symmetry is broken by the electron mass, thus
the correction has to be proportional to the electron mass itself. This is a perfect example of the
definition of ’t Hooft of a softly broken symmetry [4, 35].
The Higgs field corrections
Turning to the study of the quantum corrections to the Higgs field, one calculates the contri-
bution of massive fermion loops to the two-points function of the standard model Higgs field
φ = Re[H − v]/√2. It is shown in Fig. 2.3. Denoting the Higgs coupling to fermion/antifermion
by λf , then the correction reads
16
φf
f
φ
Figure 2.3: A fermionic/antifermionic contribution to the self-energy of the Higgs boson in the Standard Model.
pifφφ(0) = −N(f)
∫
d4k
(2pi)4
Tr
[(
i
λf√
2
)
i
/k −mf
(
i
λf√
2
)
i
/k −mf
]
= −2N(f)λ2f
∫
d4k
(2pi)4
k2 +m2f
(k2 −mf 2)2
= −2N(f)λ2f
∫
d4k
(2pi)4
[
1
k2 −mf 2 +
2mf
2
(k2 −mf 2)2
]
, (2.37)
where N(f) is a multiplicity factor (e.g. N(t) = 3 with t standing for top quarks, due to sum-
mation over color indices). The fermion mass is denoted by mf . One sees that the first term is
quadratically divergent. It means that if one chooses MPl to be the cut-off, one gets a correction
which is 30 orders of magnitude bigger than the “bare” mass (the mass of the Higgs field being
of the order of 125 GeV). It is worth noticing that this correction is independent of the mass of
the Higgs field. Hence, if the Higgs mass mφ was set to zero, as done previously for the elec-
tron mass, the situation would stay unchanged. Indeed nothing -in the standard model - seems
to protect the Higgs field mass. But we shall stress that the standard model is renormalisable.
Thus this quadratic divergent could be renormalised and we would then be left with a correc-
tion of order N(f)mf 2λf 2/8pi which is small. Once again, let us recall that it is only because the
standard model is not considered as the underlying theory of particle physics that the hierarchy
problem exists. It is sometimes stated as: scalar mass “likes” to be of the order of the highest
scale involved in the theory.
The Higgs field corrections and supersymmetry
By following the same reasoning than previously, one could imagine a symmetry that protects
the mass of the Higgs field. This symmetry is the so-called supersymmetry. As previously men-
tioned, supersymmetry forecast the existence of new particles. In particular, it leads to additional
contributions to the self-energy piφφ. For example one can add two complex scalar fields f˜L, f˜R,
with the following coupling to the Higgs field:
Lφf˜ =
1
2
λ˜fφ
2
(
|f˜L|2 + |f˜R|2
)
+ vλ˜fφ
(
|f˜L|2 + |f˜R|2
)
+
(
λf√
2
Afφf˜Lf˜
∗
L + h.c.
)
, (2.38)
with v the vacuum expectation value of the standard model Higgs field (v ' 246 GeV). The
second term in the Lagrangian in Eq. (2.38) is due to the breaking of SU(2) × U(1)Y and its
coefficients are related to those of the first term. However, the last coefficient is arbitrary (the
factor λf appear here just by convention).
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φ φ
f˜
φ
f˜
f˜
φ
Figure 2.4: Sfermion loop contributions to the Higgs field self-energy where f˜ stands here for f˜L or f˜R.
It thus gives the contribution displayed in Fig. 2.4 to piφφ (the multiplicity factor is here
assumed to be the same for f˜L and f˜R):
pif˜φφ(0) = −λ˜fN(f˜)
∫
d4k
(2pi)4
[
1
k2 −mf˜L2
+
1
k2 −mf˜R2
]
+
(
λ˜fv
)2
N(f˜)
∫
d4k
(2pi)4
[
1
(k2 −mf˜L)2
+
1
(k2 −mf˜R)2
]
+ |λfAf |2N(f˜)
∫
d4k
(2pi)4
1
(k2 −mf˜L)(k2 −mf˜R)
. (2.39)
Only the first term in Eq. (2.39) is quadratically divergent. It can be used to cancel the quadratic
divergence form Eq. (2.37). To do that, one requires
N(f˜L) = N(f˜L) = N(f) and λ˜f = −λf 2. (2.40)
Note that to cancel the quadratic divergence, one does not require the masses mf and mf˜ to be
equal. To sum Eqs. (2.37) and (2.39), we will use the MS regularisation scheme [36–38] to
regularise the divergences. In this scheme, one gets:
∫
d4k
ipi2
1
k2 −m2 = m
2
(
1− log m
2
µ2
)
,∫
d4k
ipi2
1
(k2 −m2)2 = − log
m2
µ2
, (2.41)
where µ is the renormalisation scale. To sum all the contributions we will choose for the sake of
simplicity mf˜L = mf˜R = mf˜ . This gives:
pif+f˜φφ = i
λ2fN(f)
16pi2
[
−mf 2
(
1− log mf
2
µ2
)
+ 4mf
2 log
mf
2
µ2
+ mf˜
2
(
1− log
mf˜
2
µ2
)
− 4mf 2 log
mf˜
2
µ2
− |Af |2 log
mf˜
2
µ2
]
. (2.42)
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For this summation, we made use of the following relation: mf = λfv/
√
2 which is true for
standard model fermions. Note now that a perfect cancellation between the different contribu-
tions can be achieved (in addition to Eq. (2.40)) if
mf˜ = mf and Af = 0. (2.43)
Thus in this case, the total correction to the Higgs field self-energy is zero. This is analogue
to the former examples and supersymmetry then protects the mass of the Higgs field. When one
allows a small difference between the boson and fermion masses, the correction is not zero any
more, namely
pif˜φφ(0) ' i
λ2fN(f)
16pi2
[
−2δ2 log mf
2
µ2
− 4δ2 − |Af |2 log mf
2
µ2
]
+O(δ4, Af 2δ2)
= −iλ
2
fN(f)
16pi2
[
4δ2 + (2δ2 + |Af |2) log mf
2
µ2
]
+O(δ4, Af 2δ2). (2.44)
Here we set mf˜
2 = mf
2 + δ2 and Af 6= 0, with δ, |Af |  mf , so that log mf˜
2
µ2
' log mf 2
µ2
+ δ
2
mf 2
.
Even if one allows the mass of the fermions to go to infinity, the correction will remain small
if the difference between mf˜
2 and mf 2 -as well as the coefficient Af - remain small. Thus the
introduction of the new fields (the so called superpartners f˜R and f˜L) does not only protect the
Higgs field mass, it also shields the weak scale from loop corrections involving heavy particles
(i.e. mf → +∞) if the mass splitting between fermions and bosons is itself of the order of the
weak the weak scale6.
2.3 Supersymmetry as a possible underlying theory for dark matter
For now, there is no non-controversial accepted detection of dark matter particles. Thus there
is no evidence of any link between supersymmetry and dark matter particles. Nonetheless, it
is often quoted that “supersymmetry provides a good candidate for dark matter particle”. Here
no review about the history of the early universe [39, 40] will be given. Instead we will first
review the known characteristics of dark matter. Then a short calculation of the relic density for
a stable particle will be given which explains why supersymmetric theories may provide a good
candidate for dark matter [15].
From the observation of the cosmic microwave background (CMB) [25] the energy content
of our universe is known to be: Ωbh2 = 0.02205± 0.00028, Ωch2 = 0.1199± 0.0027, and Ωmh2 =
0.315 ± 0.017 where the subscript stands for the baryonic, cold dark matter and matter density
respectively. This points to the situation where the energy content of the Universe known (the
baryonic component) represents a tiny fraction of the overall content. In particular the energy
due to dark matter is roughly four times the one of the baryonic part and the energy fraction
due to dark energy twelve times. The inappropriate denomination “dark energy” stands for
an unknown source of energy represented by the cosmological constant and responsible for the
expansion of our universe. Few things are known about dark matter. If this particle is responsible
6We shall point that our derivation would actually lead to a huge correction in the case mf →∞. Indeed we used
mf = λfv/
√
2 which will in this case lead to λf → +∞ (v being phenomenologically fixed). This will then break
perturbation theory basic requirement. Nonetheless the main result still holds in a more careful derivation [34].
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for a significant part of the relic density of our present universe, it has to be stable. It means that
its lifetime must exceed the age of the universe. It has to be cold, meaning it is non relativistic.
It has to be dark in the sense that it is neutral under any charge. It also means that this kind
of matter do not get bounded to ordinary matter or interact with photon for example. This
constitutes our knowledge about what is called dark matter.
To calculate the relic density of a stable particle, R-parity will be assumed meaning that
the lightest supersymmetric particle is stable [41]. Moreover, it is assumed that this particle is
weakly interacting. Let us first start by writing down the Boltzmann equation that governs the
evolution of the number density nχ of a stable particle (the dark matter candidate),
dnχ
dt
+ 3Hnχ = −〈σannv〉(n2χ − n2χ,eq), (2.45)
with nχ,eq the equilibrium value of nχ and H the Hubble parameter. The left hand side of
Eq. (2.45) describes the expansion of the universe. The right hand side describes the evolution
of the number density nχ due to χχ annihilation into lighter particles. The prefactor in front
of the difference in the number density is the thermal average of χχ annihilation cross section
times the relative velocity v between the two particles χ and χ. In general it can be written as,
〈σannv〉 =
g2χ
(nχ,eq)2
∑
f,f
∫
d3p
(2pi)32E
d3p
(2pi)32E
gfgfe
−(E+E)/T d3q
(2pi)32q0
d3q
(2pi)32q0
×[1± ff (q, T )][1± ff (q, T )]
×(2pi)4δ(4)(p+ p− q − q)|M[χ(p)χ(p)→ f(q)f(q)]|2, (2.46)
with
nχ,eq(T ) = gχ
∫
d3p
(2pi)3
fχ,eq(p, T ), (2.47)
where gχ, gf , gf represent the number of degrees of freedom of the respective particles (includ-
ing color degree of freedom) andM the matrix element of the annihilation process. Moreover
fi stands for the phase space density of the particle i which is related to its number density ni
by the equivalent of Eq. (2.47). After few assumptions, one can obtain a simplified version of
〈σannv〉 and nχ,eq, namely
〈σannv〉 ' x
1/2
2
√
pi
∫ ∞
0
dvv2(σannv)e
−xv2/4, (2.48)
and
nχ,eq ' gχ
(
MχT
2pi
)3/2
e−Mχ/T , (2.49)
where the inverse scaled temperature x ≡ Mχ/T has been introduced. The assumptions made
trough the derivation are the following: first, the freeze-out (in other words when the particles
considered are no more in equilibrium) occurs at temperatures well below the lightest super-
symmetric particle mass mχ. Second, the stable particle χ is in thermal equilibrium. Finally, the
freeze-out temperature is so low that a non-relativistic expansion becomes possible. Note that
this is usually a good approximation because the lightest supersymmetric particle is expected to
be heavy. In particular it is here assumed that Mχ  T i.e. v2  1.
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On can then modify the Boltzmann equation by using the relation T ∝ R(t)−1 with R the
scale factor. The entropy density reads s = 2pi
2
45 g∗sT
3 with g∗s the degrees of freedom contribut-
ing to the entropy. Applying the change of variable Yχ = nχ/s, it reads
dYχ
dx
= −xMPl
piM2χ
√
90
g∗s
s〈σannv〉(Y 2χ − Y 2χ,eq)
= −1.32MχMPl√g∗s〈σannv〉x−2(Y 2χ − Y 2χ,eq) . (2.50)
Knowing that the Planck mass MPl is huge, the quantity x−2(Y 2χ −Y 2χ,eq) is small. It means that χ
has to be in equilibrium unless x 1. So the physical meaning of this equation is the following:
χ remains in equilibrium if the reaction happens faster than the Hubble expansion. When it is no
more the case, the freeze-out occurs meaning that χ is no more in equilibrium. The temperature
TF is the temperature (or the corresponding xF ) of the freeze-out. By making assumptions on
this temperature, it is possible to compute the contribution of the χ particles to the present mass
density of the universe. In units of the critical density ρc with ρc = 3H2/(8piGN ) and with GN
the Newton constant, it is:
Ωχh
2 = Mχs0Yχ,0
h2
ρc
=
2.09× 108GeV−1
MPl
√
g∗s(xF )J(xF )
, (2.51)
with
H(t) = H0 =
100km
sec.Mpc
h, (2.52)
and where s0 ' 2.9× 103cm−3 and the annihilation integral J reads
J(xF ) ≡
∫ ∞
xF
dxx−2〈σannv〉(x). (2.53)
Then one can make predictions for the abundance of this stable particle χ. This has to agree
with current observations of the abundance of dark matter, the mass of the dark matter candi-
date and its associated cross section. To account for the total relic density of dark matter, the
annihilation cross section of the particle should be of the order of 10−39cm27. This is usually
taken as a “good sign” because numerous theories give such a small value including supersym-
metric theories. Especially, theories involving a mass for the dark matter particle of the order of
the weak scale. This is usually denoted by “WIMP miracle” (WIMP standing for weakly inter-
acting particle). Nonetheless we should note that such estimation are heavily model dependent.
For supersymmetry, the usual candidates for a stable weakly interacting particle are gravitino,
sneutrino and neutralino depending on the supersymmetry breaking mechanisms8.
Thus the conclusion is that supersymmetric theories do provide candidates that fulfil the re-
quirement of dark matter particles. These particles are weakly interacting and are still allowed
by current experiments. In that sense they are well motivated but one should not forget that
there exists a whole zoo of other dark matter candidates. These include sterile neutrinos, ax-
ions, Kaluza-Klein states etc. which are equally well motivated. We should now emphasis the
limits of our discussion. Detecting a dark matter particle would not mean solving the problem
of the nature of dark matter because there could be different sources of dark matter particles.
7A rough calculation of Ωχ is performed in Ref. [42].
8 One can find a discussion about various predictions for different models in Refs. [39, 41].
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Moreover it is not established whether some dark matter contributions can interact weakly with
the standard model (opening the possibility to direct / indirect detections in astroparticle ex-
periments or in collider experiments) or not at all. In the later case, the only possibility of
gaining information on it would be through gravitational measurements such as weak lensing
or gravitational waves.
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Chapter 3
Supersymmetric ingredients
In this section the basic principle to construct supermultiplets including the supersymmetric
particles partners will be reviewed. Secondly, the main characteristics of the supersymmetric
standard model will be given [26, 41, 6]. In particular, we will focus on the mixing of squarks
and electroweakinos to provide the squark coupling to quark and neutralino.
3.1 Supermultiplets and superfields
Massless case
With the supersymmetric algebra at hand, one obtains [41]
J3Q = Q(J3 − 1
2
), (3.1)
and
J3Q = Q(J3 +
1
2
), (3.2)
with J3 the third component of the angular momenta and the fermionic supersymmetry gener-
ators Q and its conjugate Q. This means that if one applies Q (respectively Q) on an eigenstate
of J3, it will increase (respectively decrease) its eigenvalue j3 by 1/2. Setting j0 = (j3)max,
Q |j0〉 is an eigenstate of J3 with eigenvalue j0 − 12 . In particular for the massless case of N = 1
supersymmetry, there are only two states in a supermultiplet. Hence, a multiplet is made of two
fields with exactly the same quantum number apart from their spin which differs by 1/2. To
justify that a field and its supersymmetric partner should have identical degree of freedom, one
can perform a simple calculation. Representations of the supersymmetry algebra contains states
of different spin. Thus schematically it can be represented by
Qα |B〉 = |F 〉 and Qα |F 〉 = |B〉 , (3.3)
where |B〉 and |F 〉 are bosonic and fermionic states respectively. We can further define the
operator (−1)Nf as
(−1)Nf |B〉 = + |B〉 , (−1)Nf |F 〉 = − |F 〉 . (3.4)
It follows from the definition that
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Qα(−1)Nf = −(−1)NfQα. (3.5)
Then by evaluating the quantity Tr
[
(−1)Nf {Qα, Qα˙}
]
, it follows that
Tr
[
(−1)Nf ] = 0, (3.6)
where the trace takes all states of the representation into account. Then one can show that
〈B| (−1)Nf |B〉 = +1 and 〈F | (−1)Nf |F 〉 = −1. (3.7)
Then
Tr
[
(−1)Nf ] = ∑ 〈ψ| (−1)Nf |ψ〉
= nb.1 + nf .(−1)
= 0. (3.8)
Thus any representation of the supersymmetry algebra contains an equal number of bosonic and
fermionic states.
Massive case
The procedure is identical to the previous case. States are here described by |χ〉 = |m, j, λ〉 with
m the mass, j the spin and λ its third component. Then by using the super-Poincare´ algebra one
can construct supermultiplets by starting from a state |m, j0, λ0〉. For each fixed values of m and
j0, a 4(2j0 +1)-dimensional irreducible representation of the super-Poincare´ algebra is obtained.
It contains 2j0 + 1 subspaces (−j0 ≤ λ0 ≤ j0) where each subspace contains four eigenstates
of J3 with values λ0, λ0 + 12 , λ0 − 12 and λ0. Note that the two states with eigenvalue λ0 have
opposite parity. Moreover the masses of the states in a given supermultiplet are by definition
identical. Thus in the case of unbroken supersymmetry, the particles and their superpartners
have identical masses. This remark has important consequences for phenomenology of super-
symmetry in experiments. Indeed as no supersymmetric particles have been found up to now,
it means that the masses of the superpartners are different from the standard model one. This
implies that supersymmetry is broken.
Superfield
Even if it is possible to construct an action form the supersymmetry algebra, usually another
formalism is used. It is called superfield formalism and is due to Salaam and Strathdee [43].
Thanks to it, it is simpler to obtain supermultiplets from the multiplication of supermultiplets.
One should retain two things about the superfield formalism1. First, this superfield is a function
of the usual four dimension coordinates xµ and of four fermionic c-number superspace coordi-
nates (four-component Majorana spinor Θα). Secondly, this superfield has no physical meaning.
Only certain components of this superfield are physical. This is the reason why, supersymmetry
is also seen as a theory involving new dimensions (here the superspace coordinates).
1See Ref. [26] for an extensive presentation and Ref. [6] for a more intuitive treatment.
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3.2 The supersymmetric standard model
The Standard model
The standard model [44, 45, 41] of particle physics is based on the gauge group SU(3)c ×
SU(2)L × U(1)Y where C,L, Y refer to the colour, the left chirality and the weak hypercharge
respectively. Left chiral fermion transform as doublet and right chiral fermion as singlet under
the gauge group SU(U)L. The left and right chiral fermion field fL = 12(1−γ5)f , fR = 12(1+γ5)f
transform under electroweak transformations as
fL(x)→ exp(−igY αY (x)Y/2) exp(−ig2−→α 2(x) · −→τ /2)fL(x), (3.9)
and
fR(x)→ exp(−igY αY (x)Y/2)fR(x), (3.10)
with gY , αY (x) and g2, −→α 2(x) the U(1)Y and SU(2)L gauge coupling, functions respectively.
The operator Y is the hypercharge operator and the −→τ Pauli matrices which act on the weak
isospin doublet representation space. The matter field content with the associated quantum
numbers of the standard model is summarised in Table 3.1.
Standard model field Supersymmetric field
Quantum numbers
(colour multiplet, T3L, Y )
liL =
 νi
ei
 l˜iL =
 ν˜i
e˜i

(
1, 12 ,−1
)
(
1,−12 ,−1
)
qiL =
 ui
di
 q˜iL =
 u˜i
d˜i

(
3, 12 ,
1
3
)
(
3,−12 , 13
)
eiR e˜iR (1, 0, 2)
uiR u˜iR (3, 0,
4
3)
diR d˜iR (3, 0,−23)
Table 3.1: Standard model and supersymmetric standard model matter field content. The indices i denote the
generations.
The gauge colour transformations of quark (q) and leptons (l) are
qL,R(x)→ exp (−igsαas(x)λa/2) qL,R(x) (3.11)
and
lR,L(x)→ lR,L, (3.12)
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with gs, αas the SU(3)c gauge coupling, functions and λ
a the Gell-Mann matrices in the colour
representation 3 of SU(3)c.
The standard model has a gauge symmetry SU(3)c × SU(2)L × U(1)Y in the limit of exact
electroweak symmetry. There the corresponding gauge boson gaµ (a = 1, · · · 8),
−→
Wµ and Bµ are
all massless. After electroweak symmetry breaking the standard model gauge group becomes
SU(3)c × U(1)em. This mechanism is triggered by the SU(2)L Higgs doublet, φ =
(
φ+
φ0
)
with
Y = 1. The non-zero vacuum expectation value of this field is
〈φ〉 = 1√
2
(
0
v
)
. (3.13)
After electroweak symmetry breaking, the photon as the gluons remain massless while the W±
and Z boson acquire a mass [46]. The non zero vacuum expectation value of the Higgs also
account for the generation of mass for the fermions in the standard model. It operates through
a Yukawa interaction terms for both up type and down type fermions making use of the charge
conjugated Higgs doublet field.
The supersymmetric version of the standard model
In this section the minimal supersymmetric standard model (MSSM) will be briefly reviewed
[41]. As stated before, superfields have the exact same quantum numbers as their standard
model partners. They only differ by 1/2 of their spin. Knowing that superpartners of matter
fields are also supposed to be matter field, they can only be spin zero. So sfermions are scalar
fields. For the superpartners of gauge fields, knowing that field of spin 3/2 are related to gravity
[47], the only possibility left is spin 1/2. The gauginos are thus fermions. The particle content
of the supersymmetric standard model is thus double the one of the standard model. This can
be seen in Table 3.1 for the matter fields.
But in addition to this particle content, in supersymmetric theories one needs to introduced a
second Higgs doublet field and its superpartner. In the standard model, the SU(2)L doublet field
has hypercharge Yφ = 1 and the same Higgs vacuum expectation value can be used to generate
masses for the T3L = 1/2 and T3L = −1/2 fermions. This is possible because the conjugate Higgs
field φC has hypercharge YφC = −1. This is not possible in a supersymmetric theory. Indeed the
superpotential giving rise to the Yukawa interactions is an analytic function of left chiral super-
fields only. Thus it is not possible to derived interaction terms containing both φ and φC from the
same superpotential. Hence in a supersymmetric theory, two Higgs doublet are required with
hypercharge 1 and −1 respectively. Note that even in massless supersymmetric theories, two
Higgs doublet are still required for self-consistency. This has for origin a condition of anomaly
cancellation required for renormalisability [48]. Note finally that all the fields mentioned are
interaction eigenstates but the soft explicit supersymmetry breaking of supersymmetry induces
a mixing between the sparticles (see next section).
The supersymmetric algebra is invariant under a global R-symmetry U(1) but it cannot be
an exact global symmetry of the space of supersymmetric states [49]. Nonetheless its discrete
Z2 subgroup (named R-parity) can be used [50–52] and is defined as
(−1)3(B−L)+2S , (3.14)
where B and L are the baryon and lepton number respectively and S the spin of the particle.
It holds for both standard model particles (negative value) and their superpartners (positive
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value). In particular in the supersymmetric Lagrangian, the terms mediating proton decay,
violating baryon and lepton number are forbidden when assuming R-parity. Alternatives to
suppress these terms without R-parity exist [53] but in the minimal supersymmetric standard
model, R-parity is assumed. This has an impact on the phenomenology of supersymmetry. In-
deed this means that supersymmetric particles are always produced in pairs and that the lightest
supersymmetric particle cannot decay. It is thus stable and constitute a dark matter candidate if
neutral. Thus the standard phenomenology at collider would be long decay chains generating
QCD jets, leptons and missing energy (as the lightest supersymmetric particle is not detected).
3.3 Neutralino mixing
To each standard model gauge bosons of the gauge group SU(3)C × SU(2)L × U(1)Y corre-
sponds a gauge boson superfield namely a gaugino. The standard model gauge bosons Bµ
−→
Wµ
and gaµ correspond to the SU(3)C , SU(2)L and U(1)Y gauge group respectively. It gives the
corresponding spin half (four component) Majorana gaugino fields λ˜0,
−→˜
λ and g˜a contained in
the superfield
{V Y ,−→V W , V ag }. (3.15)
In the standard model of particle physics, only one SU(2) doublet is required to give masses
to fermions. As argued previously, in the supersymmetric version of the standard model, two
SU(2) doublets are required. They can be written as
h1 =
(
h11
h21
)
=
(
h01
h−1
)
and h2 =
(
h12
h22
)
=
(
h+2
h02
)
. (3.16)
The Higgs vacuum expectation values after spontaneous symmetry breaking are
〈h1〉 = 1√
2
(
v1
0
)
and 〈h2〉 = 1√
2
(
0
v2
)
. (3.17)
One can then define
v2
v1
= tanβ. (3.18)
Thus the left chiral superpartner of the Higgs doublets in Eq. (3.16) are:
h˜1 =
(
h˜11
h˜21
)
=
(
h˜01
h˜−1
)
L
and h˜2 =
(
h˜12
h˜22
)
=
(
h˜+2
h˜02
)
L
, (3.19)
where h˜01L, h˜
−
1L, h˜
+
2L and h˜
0
2L are two component spinorial fields in the (
1
2 , 0) representation. The
mass terms of the neutral non matter fermion are
LnMASS = −
g1
2
λ3(v1h˜
1
1 − v2h˜22) +
gY
2
λ˜0(v1h˜
1
1 − v2h˜22) + µh˜11h˜22
−1
2
M2λ3λ3 − 1
2
M1λ0λ0 + h.c.. (3.20)
One can now define a row vector (ψ0)T with two gaugino filed components and two higgsino
field components:
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(ψ0)T = (λ0, λ3, h˜
1
1, h˜
2
2). (3.21)
Equation (3.20) can then be rewritten as
LnMASS = −
1
2
(ψ0)TMnψ0 + h.c., (3.22)
withMn defined as
Mn =

M1 0 −MZ cosβ sin θW MZ sinβ sin θW
0 M2 MZ cosβ cos θW −MZ sinβ cos θW
−MZ cosβ sin θW MZ cosβ cos θW 0 −µ
MZ sinβ sin θW −MZ sinβ cos θW −µ 0
 ,
(3.23)
with θW the weak angle. Let us denote the components of ψ0 by ψ0n, with n = 1, 2, 3, 4 meaning
e.g. ψ02 = λ˜3. It is now possible to define the neutralino mass eigenstates by performing the
change of basis
χ0l = Zlnψ
0
n, (3.24)
where l runs from 1 to 4 and Z is a 4× 4 unitary matrix defined [54] such that
Z∗MnZ−1 = MDn , (3.25)
where MDn is a diagonal matrix with only real and non negative entries. One can further define
the four component Majorana spinorial field χ˜0l as
χ˜0l =
(
χ0l
χ0Tl
)
. (3.26)
Finally, Eq. (3.22) can be expressed as
LnMASS = −
1
2
∑
l
M˜nl χ˜
0
l χ˜
0
l , (3.27)
where M˜nl = Mχ˜0l are the diagonal elements of M
D
n . Note that the neutralino masses can be
calculated numerically and they depend on the parameters M1, M2, µ and tanβ.
3.4 Squark mixing
The squark mass terms have different origins but it can be summarised as [41]
V q˜ = V q˜SOFT + V
q˜
F + V
q˜
D. (3.28)
In the “soft” part, explicit mass terms and trilinear A-terms are included. The “F” and “D” part
arise from the superpotential. It can be reformulated as:
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−Lq˜m = u˜∗iL[M2u˜ +M2Z cos 2β(1/2−Qu sin2 θW )Id + (mumu†)]ij u˜jL
+ d˜∗iL[M2d˜ −M2Z cos 2β(1/2 +Qd sin2 θW )Id + (mdmd†)]ij d˜jL
+ u˜∗iR[M2u˜ +QuM2Z cos 2β sin2 θW Id + (mumu†)]ij u˜jR
+ d˜∗iR[M2d˜ +QuM2Z cos 2β sin2 θW Id + (mdmd†)]ij d˜jR
− u˜∗iL[(muAu∗)ij + µ(mu)ij cotβ]u˜jR + h.c.
− d˜∗iL[(mdAd∗)ij + µ(md)ij cotβ]d˜jR + h.c., (3.29)
withM2u˜ andM2d˜ the up and down squark mass, mu and md the up and down squark mass in
the generation basis (the interaction basis). The electric charges of the u and d-type quarks in
unit of the positron charge are denoted by Qu and Qd. One can define the following vector,
f˜ =
(
f˜L
f˜R
)
=

f˜1L
f˜2L
f˜3L
f˜1R
f˜2R
f˜3R

, (3.30)
where f˜ = u˜, d˜. With this notation Eq. (3.29) can be written as:
− Lq˜m =
∑
f˜=u˜,d˜
f˜ †M2
f˜
f˜ , (3.31)
with
M2
f˜
=
(
M2
f˜LL
M2
f˜LR
M2†
f˜LR
M2
f˜RR
)
. (3.32)
This 6× 6 mass matrix is not diagonal. Indeed it explicitly reads
M2u˜ =
( M2u˜ +M2Z(T u˜3L −Qu sin2 θW ) cos 2β Id +mumu† −mu(Au∗ + µ cotβ)
−mu†(AuT + µ∗ cotβ) M2u˜ +QuM2Z sin2 θW cos 2β Id +mumu†
)
(3.33)
and
M2
d˜
=
(
M2
d˜
+M2Z(T
d˜
3L −Qd sin2 θW ) cos 2β Id +mdmd† −md(Ad∗ + µ cotβ)
−md†(AdT + µ∗ cotβ) M2d˜ +QdM2Z sin2 θW cos 2β Id +mdmd†
)
,
(3.34)
with T f˜3L the third component of the weak isospin of f˜L. Because these matrices are hermitian
one can perform a change of basis from the “interaction basis” to the “mass basis” [55–58]. Thus
the mass eigenstate sfermions can be defined as
f˜m = Wf˜†f˜ . (3.35)
One can then write a diagonal mass matrix in the mass eigenstates basis,
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M
2(D)
f˜
= Wf˜†M2
f˜
Wf˜ . (3.36)
The indices i, j ∈ J1...3K run over the different families and the indices s, t ∈ J1...6K have been
introduced. Thus Eq. (3.36) becomes
f˜ms = W
f˜∗
ts f˜t = W
f˜∗
is f˜iL +W
f˜∗
i+3 sf˜iR. (3.37)
Each component of the sfermion can be expressed as
f˜iL = W
f˜∗
is f˜
m
s , (3.38)
f˜iR = W
f˜∗
i+3 sf˜
m
s . (3.39)
By definition , it is assumed there is no intra-family mixing, meaning that a “up squark” and
a “down squark” of any given family cannot mix. If all the quarks are massless then there is
no left-right (L-R) squark mixing i.e. no mixing between a “right” squark and its “left” squark.
But in general, there can still be mixing between “up squark” (respectively “down squark”) of
any family. This depends on whether M2q˜ is diagonal or not and if one takes into account
mixing of quarks in the standard model. One can also assume no “flavour mixing” meaning
that the matrix M2q˜ is diagonal. This configuration keeps L-R mixing and mixing between “up
squark” (respectively “down squark”) of any family. If one assumes that there is no mixing in
the standard model between quarks and a diagonal trilinear coupling (a 3 × 3 matrix) in the
generation basis (i.e. B = (uL1, uL2, uL3) or B = (dR1, dR2, dR3)), it is possible to write the mass
matrices separately for each squark. Note that in this configuration, there is no more mixing
between “up squark” (respectively “down squark”) of any family. For the first two generations,
the mass matrix is then
M2q˜ =
(
m2q˜1 +M
2
Z(T
q˜
3L −Qq sin2 θW ) cos 2β +m2q −mq(Aq∗ + µ cotβ)
−mq(Aq + µ∗ cotβ) m2q˜2 +QqM2Z sin2 θW cos 2β +m2q
)
,
(3.40)
with q = u, d, c, s the usual up, down, charm, strange quark. And for the last generation, it reads
M2
t˜
=
(
m2
t˜1
+ (1/2− 2/3 sin2 θW )M2Z cos 2β +m2t −mt(At∗ + µ cotβ)
−mt(At + µ∗ cotβ) m2t˜2 + 2/3M
2
Z sin
2 θW cos 2β +m
2
t
)
,
(3.41)
M2
b˜
=
(
m2
b˜1
+ (1/2− sin2 θW )M2Z cos 2β +m2b −mb(Ab∗ + µ cotβ)
−mb(Ab + µ∗ cotβ) m2b˜2 − 1/3M
2
Z sin
2 θW cos 2β +m
2
b
)
.
(3.42)
The physical mass of the squarks correspond to the two eigenvalues of each matrix. Note that if
one assumes zero masses for the first two generations of quarks, the mass matrices are the same
with the notable exception that there is no L-R mixing for the first two generations of squarks
(the non-diagonal elements being zero). Note that this last case is usually assumed (i.e. no
flavour mixing in the squark mass matrixM2q˜)) and massless quarks for the first two generation
(e.g. in the MSSM). This leads to a decoupling of the last generation. The masses of the first
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generation depending just on the Weinberg angle, the mass of the W boson, the squark mass
matrix in the interaction basis mass and the quantity tanβ.
3.5 Fermion-sfermion-neutralino interactions
Following Ref. [41]2 the coupling for a squark decaying in the lightest neutralino and a massless
quark (i.e. a quark of the first two generations) is given. Let us start by writing down the most
general Lagrangian for these interactions:
L
ff˜ χ˜0
= −
√
2g2f˜iL
∑
f=e,ν,u,d
f iPR
[
T f3 λ˜3 + tan θW (Qf − T f3 )λ0
]
+
√
2g2 tan θWQf f˜
∗
iRλ˜0PRfi −
g2√
2MW cosβ
(m∗d)ij
[
h˜01PLd˜
†
jRdi + djPLh˜
0
1d˜iL
]
− g2√
2MW cosβ
(m∗u)ij
[
h˜01PLu˜
†
jRui + ujPLh˜
0
1u˜iL
]
− g2√
2MW cosβ
(m∗e)ij
[
h˜01PLe˜
∗
jRei + ejPLh˜
0
1e˜iL
]
+ h.c., (3.43)
with T f3L and Qf the third component of the weak isospin and the electromagnetic charge. The
left and right projectors are defined as PL =
1−γ5
2 and PR =
1+γ5
2 . If Eq. (3.43) is now expressed
in the neutralino mass eigenstates χ˜0l (with l ∈ J1...4K), it reads
L
ff˜ χ˜0
=
∑
f=e,ν,u,d
χ˜0l
(
GfLl f˜
∗
iLPL +G
fR
l f˜
∗
iRPR
)
fi
− g2√
2MW cosβ
[
(m∗u)ijZ
∗
l4u˜
†
jRχ˜
0
l PLui + (mu)ijZl4u˜
†
iRχ˜
0
l PRuj
]
− g2√
2MW cosβ
[
(m∗d)ijZ
∗
l4d˜
†
jRχ˜
0
l PLdi + (md)ijZl4d˜
†
iRχ˜
0
l PRdj
]
− g2√
2MW cosβ
[
(m∗e)ijZ
∗
l4e˜
†
jRχ˜
0
l PLei + (me)ijZl4e˜
†
iRχ˜
0
l PRej
]
+ h.c., (3.44)
with
GfLl = −
√
2g2
[
T f3LZ
∗
l2 + tan θW (Qf − T f3L)Z∗l1
]
, (3.45)
GfRl =
√
2g2 tan θWQfZl1. (3.46)
Restricting the discussion to the neutralino-squark-quark interaction, one can perform a change
of basis to express the interaction in the “physical basis”. Thus Eq. (3.44) can be written as
Lqq˜χ˜0 = χ˜0l
∑
q=u,d
(GqLl q˜
†
iLPL +G
qR
l q˜
†
iRPR)qi
= χ˜0l
∑
q=u,d
(
GqLislPL +G
qR
islPR
)
q˜m†s q
m
j (3.47)
2Reference [59] also provides all couplings in the MSSM but with different conventions.
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with
GqLisl = G
qL
l
3∑
j=1
W q˜∗js U
qL
ji , (3.48)
GqRisl = G
qR
l
3∑
j=1
W q˜∗j+3 sU
qR
ji . (3.49)
The transformation, q˜iL = W
f˜
isq˜
m
s , q˜iR = W
f˜
i+3 sq˜
m
s , qiL = U
qL
ij q
m
jL and qiR = U
qR
ij q
m
jR has been
used between the second and the third line of Eq. (3.47). For the first two generations (no L-R
mixing) the couplings shrink to [60] {
c1R
c2R
}
=
{
fL
0
}
, (3.50)
{
c1L
c2L
}
=
{
0
fR
}
, (3.51)
with
fL =
√
2
[
eqN
′
j1 +
(
Iq3L − eq sin2 θW
) 1
cos θW sin θW
N ′j2
]
,
fR = −
√
2
[
eqN
′
j1 − eq
sin θW
cos θW
N ′j2
]
, (3.52)
with
N ′j1 = cos θWNj1 + sin θWNj2 , N
′
j2 = − sin θWNj1 + cos θWNj2, (3.53)
and with eq = 23 and I
q
3L =
1
2 for “up” quarks while eq = −13 and Iq3L = −12 for “down” quarks.
3.6 Phenomenology of supersymmetry
It is sure that supersymmetry exists as a mathematical concept. It is also sure that the grounds
on which supersymmetric theories are built are true. Nonetheless it might be that its implemen-
tation in actual particle physics models is not realised in nature. It can also be that its detection
is impossible to us due to its nature or the fact that supersymmetry might be a high energy
phenomena. Indeed despite running at energy ranges never accessed before, the Large Hadron
Collider did not hint yet to the existence of supersymmetric particles. If supersymmetry, as we
imagine it, is impossible for us to be detected, then there nothing to be done apart showing that
we do not detect it. The implementation of supersymmetric particle physics models is also ques-
tionable. When one considers a Lagrangian invariant under supersymmetric transformations,
there are operators that allows protons decay. So one has to assume R-parity. Moreover, as no
supersymmetric particles have been recorded, it means that they do not have the same masses
as their standard model partner. This implies that supersymmetry is broken softly [41, 6]. There
are several mechanisms of supersymmetry breaking [26]. The most popular are the anomaly-
mediated, gauge-mediated and the gravity-mediated supersymmetry breaking. They all involve
the existence of a hidden sector that communicate to the visible sector through loop induced
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processes. Because we do not know which one is potentially the one realised, one usually
parametrised this breaking. In the MSSM it is parametrised by more than 100 parameters [61].
This makes the phenomenology of the supersymmetry extremely challenging.
In order to reduce the number of parameters, simplified version of the MSSM are used. The
most common is the constrained MSSM (cMSSM) where high scale parameters are assumed. In
particular a common mass for fermions and bosons is assumed. The low energy quantities are
then obtained by use of renormalisation group equations. The high scale parameters are the soft
supersymmetric breaking scalem0 for scalars andm1/2 for fermions, tanβ, the trilinear coupling
A0 and the sign of the µ parameter. Assuming certain values for these parameters, exclusion
limits on the mass of the squarks and gluino can be drawn as it is exemplified in Fig. 3.1. In
this set up, gluino masses are excluded up to roughly 1.4 TeV while squarks masses are excluded
up to 1.7 TeV. To try to gain information on the MSSM, the experimental collaborations at the
LHC also make use of the so called simplified models. In these models, only few particles are
considered (all others being artificially decoupled) and the considered particle are hypothesised
to have only one decay mode. This also enables collaborations to set limits on sparticles masses.
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Figure 3.1: ATLAS exclusion limits at 95% CL for 8 TeV analyses in the (m0,m1/2) plane for the MSUGRA / CMSSM
model with the remaining parameters set to tan(β) = 30, A0 = −2m0, µ > 0.
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Chapter 4
Higher order calculation
Calculating a process at the lowest order means taking into accounts the simplest tree level
diagrams. When considering higher order, one takes into account the diagrams which involves
higher order contributions in the coupling. These are the loop diagrams and the real radiation
diagrams. Integrating the internal four momenta can lead to divergences. These are denoted
by infrared (IR) and ultraviolet (UV) depending on whether they occur in the limit of high or
small momentum. The point of renormalisation is to handle these divergences in such a way
that the result obtained can be compared to experimental observables. This is the subject of
the next sections. Despite involving complicated treatments, higher order corrections are a vital
tool of particle physics as it provides more precise and reliable predictions. Indeed including
higher order terms in the coupling improves the converge of the series (up to non-perturbative
contributions [62]) and diminishes the theoretical uncertainty.
4.1 Renormalisation
When calculating higher order, one can encounter divergent integrals over the momentum space.
These divergences all cancel if the theory is expressed in terms of renormalised quantities such
as the masses and charges which are measured in experiment. So a theory which has this
property at all order is said to be renormalisable. In particular, one should always include all
possible terms allowed by the symmetry of the theory [7]. The statement of renormalisability
is that at any order in perturbation theory, all Green functions are finite. For both Abelian (like
the Quantum Electrodynamics theory) and non-Abelian (like the Yang-Mills theory), it has been
shown [63] that with a finite number of counter terms, at each order in perturbation theory all
Green’s functions are finite.
This proof makes an intensive use of the BRST [64, 65] symmetry and especially of the Ward
identities associated with it. It originates from the fact that the BRST symmetry is the most gen-
eral symmetry of the theory after gauge fixing and selects physical states. Also, Ward identities
associated with BRST symmetry relate different Green functions. The proof uses induction tech-
nique. At rank N −1 it states: the counterterms at all order smaller or equal to N −1 loops have
been calculated and all Green functions are finite. The case N = 0 is trivially true, it correspond
to the tree graphs which are finite. The exercise is to go to rank N by use of Ward identities.
The key point is the following: when considering rank N (i.e. we assume that the rank N − 1
is true), the sub-divergences are at most N − 1 loops divergences. Because we assumed that
N − 1 is true, these sub-divergences are finite. The only possible divergences that can occur are
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overall divergences. The procedure is thus to calculate the counterterms at N loops order. Then
one uses Ward identities to show that all Green functions are indeed finite at N loops order.
The striking facts is that at every step the theory is finite. The theory is finite by redefinition
of the counterterms in the Lagrangian but not thanks to the addition of new counterterms at each
order. The deep reason of this fact is the existence of the symmetry of the theory considered.
Now, some features of renormalisation will be evoked and illustrated with the example of
Quantum Electrodynamics1. Note that here infrared divergences will not be discussed (see
next section). Let us start start with a simple observation. As already said, the calculation of
certain observables can lead to the emergence of divergences. In particular, when computing
cross sections, one can encounter divergent Feynman integrals. Given that cross sections are
observables, they can only be finite. It is thus required to remove these divergences according
to the observables measured. This is due to the ill definition of the product of two distributions
[62]. For example, one can write the following divergent integral as∫ ∞
0
dk
k + q
= − ln(q) + c, (4.1)
with c a divergent constant. In the same manner, the following divergent integral can be written
as ∫ ∞
0
kdk
k + q
= a+ bq + q ln(q), (4.2)
with again a and b divergent constants. The key point is that a polynomial term in external mo-
menta is equivalent to adding suitable terms to the Lagrangian [7]. In particular the countert-
erms which would be introduced in the Lagrangian have to be divergent (or infinite constants).
But one cannot arbitrarily remove the divergent part. It is thus required to use a prescription
which is consistent with what is measured in experiments.
To illustrate this point, we will use the example of quantum electrodynamics. More specifi-
cally, the electron-photon vertex can be written as
Γ(l)µ = Bγµ + Γ
(f)
µ , (4.3)
where B is a divergent constant, Γ(l)µ is the vertex at l loop order and Γ
(f)
µ is a finite contribution.
We can proceed in the same way for the self-energy of the electron or the photon. Concerning
the electron self-energy, it reads
Σ(l)(/p) = A+ (i/p+m)C + Σ
(f)(/p), (4.4)
with A, C infinite constants, Σ(l)(p) the self-energy at l loops order and Σ(f)(/p) a finite contri-
bution. As stated before these infinite constants are equivalent to introducing infinite terms in
the Lagrangian. To relate these counterterms of the Lagrangian to the infinite constants, one
has to use Slavnov-Taylor identities [7, 66]. Eventually, only a finite number of counterterms
are needed to cancel all divergences from any graph at a given order.
Thus the divergent contributions originating from the different graphs can be related to the
counterterms in the Lagrangian. The next step is to understand how one can determine the
value of these counterterms. To that end, one uses prescriptions that ensure that the predictions
1It is mainly based on Refs. [7, 66] for the philosophy and on Ref. [67] for the notations.
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made with perturbation theory will predict the same observables than the one measured. For
the self-energy of the electron it can be written in a schematic way as2
Σ(/p) = Σ
(l)(/p) + (/pδ2 − δm), (4.5)
where Σ(l)(/p) is the self-energy at l loops order, δ2 and δm are the counterterms from the La-
grangian. The symbol Σ(/p) denotes the self-energy of the electron at all order meaning the one
measured. The physical prescription for the self-energy for an electron is thus
Σ(/p = m) = 0, (4.6)
and
d
d/p
Σ(/p = m) = 0. (4.7)
This states that the mass used with the perturbative technique is the same than the one mea-
sured. It thus leads to
mδ2 − δm = Σ(l)(/p), (4.8)
where Σ(l)(/p) is a divergent Feynman integral that can be calculated. The second prescription
gives
δ2 =
d
d/p
Σ(/p = m), (4.9)
which also determines the value of the counterterm. The same is true for photon self-energy
with the equation,
Πµν(q) = Πµνl (q) + (g
µνq2 − qµqν)δ3
= (q2gµν − qµqν)(Πl(q2) + δ3). (4.10)
The prescription is thus
Π(q2 = 0) = 0. (4.11)
Finally there exists also a prescription for the photon-electron vertex which reads
Γµ = Γµl + γ
µδ1, (4.12)
with standard notations. When one is calculating the l-loop correction to this vertex, one makes
use of the factorisation of the vertex namely
Γµl = γ
µF (q2), (4.13)
with F (q2) = 1 + δF (q2). The actual physical prescription being
Γµ(0) = γµ. (4.14)
With the previous definition it leads to the following value for the counterterm
2The notations used in the following come from Ref. [67].
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δ1 = −δF (0). (4.15)
This value is again a Feynman integral originating from the l-loop calculation of the quantum
correction to the vertex. This explains how to define the value of the constant divergent terms
present in the Lagrangian. Finally, the procedure of renormalisation makes sense of divergent
quantities that represent physical observables.
4.2 The Kinoshita-Lee-Nauenberg theorem
Before discussing in general terms infrared divergences, let us consider a simple setting where
a particle 1 of momentum p − k and mass m1 emits a particle 2 of momentum k and mass m2.
The propagator of the emitting particle is
1
(p− k)2 −m21
=
1
m22 − 2p · k
. (4.16)
If the second particle is massless, having k → 0 leads to a logarithmic divergence. This is called
a soft divergence. Moreover
p · k = 2 (E1 − |−→p 1| cos θ) , (4.17)
where E1 and 2 are the energy of the particle 1 and 2 respectively and −→p 1 the three momentum
of the particle 1. If the particle 1 is also massless, the scalar product p · k is zero for θ = 0. This
is a collinear divergence. Thus, particular configurations lead to logarithmic divergences. A
common example is the emission of photons parallel to massless electrons or the emission of
soft gluons from a hard coloured particles.
The Kinoshita-Lee-Nauenberg theorem (KLN theorem) [68, 69] provides a prescription to
handle IR divergences. The proof of Ref. [68] relies on diagrammatic considerations, using cut
diagram and the optical theorem. The proof of Ref. [69]3 relies on the symmetries of the S-
matrix. The challenge here is to make sense of divergences that are not present when one is
performing a measurement. It is theoretically solved when summing the transition rate over all
the initial degenerate states as well as the final ones [26].
The state constituted with an electron and a soft photon belong to the same energy eigen-
state than a single electron. It means that one cannot distinguish a single electron from an
electron-soft photon system. They are said to be degenerate and that is the physical origin of
the divergences it leads to. For the collinear divergences, it is the same principle. It is impossible
to distinguish a single-gluon from gluons emitted parallel to a hard gluon.
The statement of the theorem is then: in a theory with massless fields, transition rates are
free of infrared (both soft and collinear) divergences if the summation over the initial and final
degenerate states is carried out. This is true at all order in perturbation theory. Note that the
divergences arising from the initial states are a bit more problematic. The problem coming from
the difficulty of identifying the initial particles taking part in the process. For hadronic processes,
these initial divergences are absorbed in the redefinition of the parton distribution function to
provide a transition rates which is free of infrared divergences.
3It is explained in a more condensed version in Refs. [7, 70].
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4.3 Next-to-leading order settings of the calculation
In this section the renormalisation procedure, the regularisation procedure and the method for
performing the differential calculation are reviewed. In particular it is given in the case of squark
decay as the case to gluino decay is similar.
Renormalisation
When considering the two-body decay of the squark at next-to-leading order, there are three
kinds of corrections that arise. The first one is the counterterm contribution Fct. This originates
from the renormalisation procedure to handle UV divergences. For this calculation the on-
shell renormalisation scheme has been used. It means that the counterterms defined such the
renormalised quantities are the physical one [71]. It is obtained by differentiating the self-
energy by respect to the momentum. For a fermion, it is written as:
δf = Zf − 1 =
dΣ(/p)
d/p
∣∣∣∣
/p=m2f
=
αsC2(r)
pi
F rct,f , (4.18)
where Zf is the field renormalisation constant and r refers to the particular representation of
the gauge group. The symbol C2(r) is the invariant of a specific representation of the gauge
group. The definition of the counterterm for a scalar particle S is identical i.e.
δS = ZS − 1 = dM
2(q2)
dq2
∣∣∣∣
q2=m2S
=
αsC2(r)
pi
F rct,S , (4.19)
with M2(q2) the self-energy of the scalar particle. Concerning the genuine corrections, they are
divided into the virtual and real corrections. In the case of decay, the first one are called vertex
corrections. They are denoted by Fver and defined as
|M|2 = |M(0)|2+2Re
[
M(1)∗M(0)
]
= |M(0)|2
(
1 +Re
[
Γ(1)
Γ(0)
])
= |M(0)|2
(
1 +
αsC2(r)
pi
F rver
)
,
(4.20)
where M(0), M(1), Γ(0) and Γ(1) stand for the leading order and next-to-leading order of the
amplitude of the triangle diagram and the vertex factor respectively4. Finally the real corrections
accounting for the real radiations are denoted by F rreal. They are defined as
F rreal =
(
αsC2(r)
pi
)−1 Γ(q˜ → qχ01g)
Γ(q˜ → qχ01)
. (4.21)
Eventually, one can write the amplitude of the squark decay at next-to-leading order as
ΓNLO = ΓLO(1 +
αsC2(r)
pi
(F rreal + F
r
ct,f + F
r
ct,S + F
r
ver)). (4.22)
The purpose of the next sections will be to expressed all these contributions.
4To calculated the virtual corrections, Refs. [72, 73] can be useful.
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Regularisation scheme
Throughout this thesis, the dimensional regularisation [36, 74] scheme has been used. It aims at
isolating divergences when performing loop integral. In this scheme all quantities are continued
to d = 4− 2 dimensional spacetime. When calculating loop integral, the integral then reads:∫
d4q
(2pi)4
→ µ4−d
∫
ddq
(2pi)d
, (4.23)
where µ is the unphysical ’t Hooft scale introduced to have correct mass dimension. Despite
the fact that the dimensional regularisation scheme is gauge invariant, it is not invariant under
supersymmetric transformations while dimensional reduction scheme [75–77] is an invariant
scheme under supersymmetric transformations. This is due to the fact that in dimensional regu-
larisation, the massless gauge bosons have d−2 degrees of freedom while their Majorana spinor
superpartners field (the gaugino) still have two degrees of freedom. Thus in a supermultiplet,
the two fields do not have the same degrees of freedom and thus leads to breakdown of super-
symmetry. In dimensional reduction, the four momenta are still continued to d dimensions but
the vector fields are kept in four dimensions. Both schemes lead to the same physical result
but separate contributions are different in each scheme. For example, in dimensional regular-
isation, scaleless integral are zero [78] while in dimensional reduction it is not the case. It is
due to the fact that ultraviolet and infrared divergences are treated in a different manner. For
ultraviolet divergences, the γ-matrices are contracted in 4 dimensions while for ultraviolet the
γ-matrices are contracted in d-dimensions. It gives γµγνγµ = −2(1 − )γν in the infrared case
and γµγνγµ = −2γν in the ultraviolet case. Thus in the dimensional regularisation scheme, the
additional term due to the fact that this scheme does not respect supersymmetry is − times the
value of the ultraviolet pole. To remedy this problem, one adds “counterterms” to the coupling
[79, 80] as dimensional regularisation introduces a mismatch between the gauge coupling and
the supersymmetric Yukawa coupling. The supersymmetric Yukawa coupling eˆ (i.e. the charge
in the coupling quark-squark-neutralino) in dimensional regularisation is defined as
eˆ = e
(
1− αsCF
pi
1
8
)
, (4.24)
where e is the electric charge in the quark-photon coupling. Because the charge eˆ appears as an
overall factor eˆ2 of the total decay, then one redefines the next-to-leading order corrections as
(here in the case of squark decay)
ΓNLO ∝ eˆ2(1 + αsC)
∝ e
(
1− 1
4
αsCF
pi
+
1
82
(
αsCF
pi
)2)
(1 + αsC)
∝ e
(
1 + αs
(
C− 1
4
))
+O(αs
2) , (4.25)
with “C” standing for the generic correction to the squark decay. Thus the next-to-leading or-
der corrections term get a finite contribution from the redefinition of the electric charge. At the
n−loop level, the divergent part would also be modified as the mismatch is at maximum  and
is multiplied by 1/n. Finally, for the gluino decay, a similar procedure is used to redefined the
strong coupling gˆs in the supersymmetric Yukawa coupling quark-squark-gluino.
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Differential calculation
To perform the numerical integration of processes where divergences appear, a subtraction
scheme is mandatory. As explained previously, even if the final result is finite (see KLN theo-
rem), at intermediate steps one can encounter soft and/or collinear divergences. In dimensional
regularisation, they are represented by polynomials of 1/. At next-to-leading order, the partial
decay width can be written as
ΓNLO =
∫
dΦ(3)|Mr|2 +
∫
dΦ(2)|Mv|2, (4.26)
where |Mr|2 is the real radiation contribution (integrated over the three particles phase space)
and |Mv|2 the virtual contributions (integrated over the two particles phase space). Each sep-
arate integration is not finite because they contain divergences. One can rewrite Eq. (4.26)
as
ΓNLO =
∫
dΦ(3)
[|Mr|2 −Dipole]+ ∫ dΦ(2)|Mv|2 + ∫ dΦ′(2) ∫ dΦ(1)Dipole, (4.27)
where the term Dipole has been added and subtracted. It has the exact same singular behaviour
as the real part. It takes the form of the leading order matrix element squared multiplied by a
function D, which describes the emission of the soft or collinear radiation
|Mr
(
pq˜i , pq, pχ˜01 , pg
)
|2 → |M0(pq˜i , p′q, p′χ˜01)|
2 ×D
(
pg · pq˜i , pg · pq,m2q˜i ,m2χ˜01
)
(4.28)
Thus by definition both integrals are finite. In Eq. (4.27), the dipole is integrated over the real
emitted particle dΦ(1) (here the gluon). The aim is thus to obtain an appropriate dipole, to
integrate it and associate it with the appropriate kinematic. One of the most used subtraction
method is the one of Catani and Seymour [81, 82] but it does not encompass massive particles
in the the initial state. For our purpose we will follow the procedure of Ref. [83] which has been
used in the context of top quark production and decay at next-to-leading order [84, 85].
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Part III
Calculation of supersymmetric
processes at the LHC
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Chapter 5
Motivations
Supersymmetry has generated a lot of interest in the past years [86, 33, 87, 88, 54, 89, 90].
Especially the search for supersymmetric particles has been a central task in particle physics
experiments such as the LHC [91–93]. To perform experimental searches, theoretical predic-
tions are needed. This effort to provide reliable predictions for supersymmetric searches at
hadron colliders has spanned over the last decades. It has started with production process at
leading order [94–97]. These calculations suffer from an uncertainty of roughly ±50% (when
varying the factorisation and renormalisation scale). This is the reason why next-to-leading
order calculations have been performed [79, 98–100]. This generally diminish the theoretical
error down to ±15%. Moreover these corrections can be large (5−90%) making next-to-leading
order calculations mandatory for supersymmetric searches. For the decay of strongly interacting
supersymmetric particles, the situation is similar at leading order [101–106] and next-to-leading
order [107, 80, 108, 60, 109–111]. In general the corrections are smaller (10− 50%) but it still
justifies the use of next-to-leading order calculations. In order to reduce the uncertainties further
and account for missing contributions, calculations at threshold and resummation techniques
have been applied to production processes [112–129]. Moreover, electroweak contributions
have been computed at leading order [130, 131] and at next-to-leading order [132–138]. Note
that generally all computations beyond leading order assume degenerate squark masses.
This effort lead to the implementation of public programs performing these calculations.
One of the most used is the computer program PROSPINO [139] based on Refs. [99, 79, 100].
In its second version it calculates overall K-factors (ratio of the next-to-leading order cross sec-
tion over the leading order cross section) for degenerate squarks masses. This K-factor is usually
used by experimental collaborations to rescale leading order distributions. Assuming degener-
ate squarks masses and rescaling leading order distributions suffer from big uncertainties, it is
thus justified to investigate these issues. The aim of this project has thus been to construct a tool
performing next-to-leading order calculations in the production and decay. This providing fully
differential cross sections in a partonic Monte Carlo program including parton shower and spin
effects. In this way experimental collaborations can apply cuts directly on the next-to-leading or-
der calculations and use non-degenerate spectra of squarks. This collaborative work has lead to
the implementation of squarks pair production and squark-antisquark production supplemented
by squark decays at next-to-leading order matched with parton shower in the POWHEG BOX
[140, 141]. The POWHEG BOX [142–144] is a public framework to implement next-to-leading
order calculations and matched them to parton shower.
In the mean time, similar researches have been carried out [145–147] where also no assump-
tions on the masses of the squarks have been made and phase space cuts have been applied to
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the genuine next-to-leading order calculation. This was first the calculation at next-to-leading
order of squarks pair production followed by its decay into quark and neutralino [145]. This
work has been then extended to include the further decay of squarks into the second neutralino,
a slepton and a lepton [146]. Finally, a study of the stops production and decay has been per-
formed using both electroweak and QCD next-to-leading order corrections [147]. All production
channels for all generations have also been computed [148, 149] in a completely automatised
way in the MADGOLEM framework. This has been further compared to resummed predictions
from jet merging. Finally sleptons pair productions matched with parton shower has also been
implemented in the POWHEG BOX [150].
In this thesis, all the numerical evaluations has been performed in a Monte Carlo pro-
gram based on the MONACO algorithm. It is a modified version of the Fortran subroutine
VEGAS [151] and is implemented in the Monte Carlo program VBFNLO [152–154]. The sub-
routine RAMBO [155] to generate phase space has also been used. The numerical evaluation of
the dilogarithm function has been done with the Looptools library [156–158]. Some parts of this
work has been carried out with the help of Mathematica [159] and Maple(TM). The package
FeynCalc [160, 161] has also been used. Finally, the calculation of the different contributions of
the squark and gluino decay at next-to-leading order have been checked against Ref. [162].
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Chapter 6
Production processes
Knowing that we aim at a phenomenological study of supersymmetry at the LHC, we will mainly
focus on the production and decay of strongly interacting supersymmetric particles. Indeed, the
gluinos and the squarks have the highest cross section [97, 163] due to colour factors and the
fact that the LHC is a hadron collider. The processes involving gluino have higher colour factors.
Nonetheless as there are 12 squarks, their production rate can still be competitive with the one
involving gluinos. Thus the hierarchy between the different production cross sections depends
on the scenario. In particular a key point is the mass of the squarks by respect to the gluino
mass. In the following, all matrix elements have been obtained from the computer programs
FeynArts - FormCalc [164, 165, 158]. The matrix elements at leading order are not reproduced
as they can be found in Ref. [79] for the spin independent part and in Ref. [166] for the spin
dependant part. This also constitutes a check of our calculation.
The simplest production process is the squark pair production as it has two diagrams at
leading order displayed in Fig. 6.1. One can also consider the conjugate process with antiquark
in the initial state. For the squark-antisquark channel, the difference by comparison to the
q
q
g˜
q˜
q˜
q
q
g˜
q˜
q˜
Figure 6.1: Squarks pair production Feynman diagrams.
squarks pair production is its different initial state. In particular squark-antisquark can also
originate from gluons. It has in total six diagrams displayed in Fig. 6.2. One specificity by
comparison to squark pair production is that certain flavour combinations are not allowed for
certain diagrams. The squark-gluino production process has the standard s, u, t channels shown
in Fig. 6.3. It has the property of being dependant of the spin of the gluino (as the gluino pair
production channel). In particular, for left and right squark the spin dependant part is exactly
the same, only an overall sign differs [166]. Finally, the gluino pair production has similar
diagrams to the squark antisquark production processes. It has six Feynman diagrams that are
displayed in Fig. 6.4 and also depend on the spin of the final gluinos.
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Figure 6.2: Squark-antisquark production Feynman diagrams.
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Figure 6.3: Squark-gluino production Feynman diagrams.
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Figure 6.4: Gluino pair production Feynman diagrams.
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Chapter 7
Squark decay
In the first section, the leading order result for the decay of a squark into a quark and a neutralino
are reviewed. The remaining sections are devoted to the calculation of the next-to-leading
order corrections to this decay. In particular, the different contributions are given separately.
Finally, it is explained how to use this calculation to obtain it in a fully differential way.
7.1 Leading order settings
We consider here the decay of a squark into a quark and a neutralino (see Fig.7.1). The general
q˜i
χ˜0
q
Figure 7.1: Feynman diagram of the leading order squark decay.
case of massive quark is considered first before turning to the massless case. For the squark
decay, the notations are fixed in the following way: the squark four momentum is q = p1 + p2
with p1 and p2 the four momenta of the neutralino and the quark respectively. The mass shell
conditions are q2 = m2q˜i , p
2
1 = m
2
χ and p
2
2 = m
2
q . The amplitude of the process reads
iM = eu( /p1)(CiLPR + CiRPL)v( /p2), (7.1)
with the coefficients CiL/R given in the previous section. Note that for gamma matrices, the
Dirac convention has been used throughout the thesis. Squaring the matrix element, averaging
over the initial spins and summing over the final spins gives
∑
spin
|M|2 = e2Tr [( /p1 +mq)(CiLPR + CiRPL)( /p2 −mχ)(CiLPL + CiRPR)]
= e2
(
(CiL
2
+ CiR
2
)(m2q˜ −m2q −m2χ)−mqmχ4CiLCiR
)
, (7.2)
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where p1.p2 = 12(m
2
q˜ − m2q − m2χ) has been used. The definition of the decay rate in the rest
frame of the decaying squark is:
Γ =
1
2mq˜
∑
|M|2dΦ(2), (7.3)
with dΦ(2) the two particles phase space. It reads explicitly
Γ =
α
4m3q˜
[
(CiL
2
+ CiR
2
)(m2q˜ −m2q −m2χ)−mqmχ4CiLCiR
]
λ
1
2 (m2q˜ ,m
2
q ,m
2
χ). (7.4)
When considering a massless quark, there is no mixing between the corresponding squarks.
Thus the amplitude for a right-handed outgoing quark1 is
iM = ieu( /p1)fRPLv( /p2), (7.5)
where fR (and fL) is defined in Eq. (3.52). Thus
∑
spin
|M|2 = |efR|2Tr
[
/p2PR /p1PL
]
= e2|fR|2m2q˜(1− r), (7.6)
with r = m2χ/m
2
q˜ . The decay rate reads then in d dimension (d = 4− 2)
Γ =
1
4
αmq˜|fi|2(1− r)2−2, (7.7)
with i = L,R.
7.2 Quark and squark field counterterms.
The diagrams that will be calculated in dimensional regularisation scheme are depicted in Figs.
7.2 and 7.3. They represent the quark and squark field counterterms.
q
q
g
q q
q˜k
g˜
q
Figure 7.2: Quark self-energy.
Quark self-energy
For an incoming left-handed quark uL = PLu and an outgoing left-handed quark uL = uPR, the
gluino propagator simplifies to
1For completeness we reproduce the relations, uPL = u†γ0PL = u†PRγ0 = (PRu)†γ0 = uR .
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Figure 7.3: Squark self-energy.
uL
−i(/k +mg˜)
k2 −mg˜2 + iuL = uL
−i/k
k2 −mg˜2 + iuL . (7.8)
The quark self-energy is thus
− iΣ( /p1) = 2(ig3)2CF µ˜2
∫
ddk
(2pi)d
−i/k
k2 −m2g˜ + i′
i
(p1 + k)2 −m2g˜ + i′
, (7.9)
where µ˜2 = µ2eγ/(4pi) and µ the scale at which the strong coupling constant αs is evaluated and
γ the Euler constant. Introducing the Feynman parameters in the change of variable k → l =
k + xp1 and expanding in  yields
Σ( /p1) = −αsCF
4pi
∫ 1
0
dx
[
2

− 2 ln
(
∆
µ2
)
+O()
]
x /p1. (7.10)
In the on-shell scheme, one then gets
δq = Zq − 1 =
Σ( /p1)
d /p1
∣∣∣∣
/p1=0
=
αsCF
4pi
∫ 1
0
dx
[
2

− 2 ln
(
(1− x)m2g˜ + xm2q˜
µ2
)
+O()
]
x. (7.11)
Solving this integral, the final result reads
Fct,q = δq
(
αsCF
pi
)−1
=
1
4
[
−1

+ ln
m2q˜
µ2
− 1
2
− R
R− 1 +
R2
(R− 1)2 lnR+O()
]
, (7.12)
where R = m2g˜/m
2
q˜ .
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Squark self-energy
The squark self-energy reads
− iM22 (q2) = (−ig3)2CF µ˜2
∫
ddk
(2pi)d
Tr
[
/k(/k + /q +mg˜
]
k2
(
(k + q)2 −m2g˜
)(−i2). (7.13)
After performing the Feynman trick, the squark self-energy becomes
M22 (q
2) =
αsCF
pi
(4piµ˜2)
∫ 1
0
[−Γ(− 1)∆−+1 + Γ()∆−(∆ +N ′)] dx. (7.14)
Finally, the counterterm reads
Fct,q˜ = δq˜
(
αsCF
pi
)−1
=
M22
dq2
∣∣∣∣
q2=m2q˜
(
αsCF
pi
)−1
(7.15)
= (4piµ˜2)
[
(− 3)Γ()
∫ 1
0
dx∆−x(1− x)− Γ()m2q˜
∫ 1
0
dx∆−−1x2(1− x)2
]
=
1
2
[
−1

+ ln
m2q˜
µ2
− 1−R− (R2 − 1) ln R− 1
R
+ lnR+ 0()
]
, (7.16)
where ∆ = ∆(q2 = mq˜2) = −x(1 − x)mq˜2 + (1 − x)mg˜2 and R = mg˜2/mq˜2. Thus -in this
case- to go from dimensional regularisation scheme to dimensional reduction scheme, one has
to add −14 . Eventually, one ends up with the following contribution for the counter-terms in
dimensional regularisation scheme with restored supersymmetry (or equivalently dimensional
reduction scheme):
Fct = Fct,q + Fct,q˜
= − 3
4
+
3
4
ln
mq˜
2
µ2
− 7
8
− R
2
+
3
4
lnR− 1
2
(R2 − 1) ln R− 1
R
+
1
4
[
2R− 1
(R− 1)2 lnR+
R
1−R +O()
]
.
(7.17)
7.3 Vertex correction
The vertex corrections calculated are displayed in Fig. 7.4.
Gluon exchange
As stated previously, the vertex factor at tree level for an incoming right-handed squark, an
outgoing right-handed quark and a neutralino is
Γ(0) =
1
4
αmq˜|fi|2(1− r)2−2. (7.18)
The corrections Fg due to the gluon exchange at next-to-leading order can be expressed as
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Figure 7.4: Vertex corrections.
Fg =
(
αsCF
pi
)−1 2Γ(1)
Γ(0)
. (7.19)
The gluon exchange diagram is
Γ(1) = −g32CF (2q + k)µΓ(0)µ˜2
∫
ddk
(2pi)d
γν
−igµν
k2
i
(k + q)2 −m2q˜
i(/k + /p1)
(k + p1)2
. (7.20)
Knowing that
Re[M(0)∗M(1)] = Re[v( /p2)Γ(0)uR( /p1)uR( /p1)Γ(1)v( /p2)], (7.21)
the numerator of Γ(1) can be simplified by use of the Dirac equation and the commutation
relations for γ matrices. The corrections are thus
Fg =
(
αsCF
pi
)−1 2
Γ(0)
g3
2(−i)CFΓ(0) µ˜
2
(2pi)d
∫
ddk
2
[
(k + q)2 −m2q˜
]
− (k + p1)2 + 4p1.p2 + 2mχ/k
(k + p1)2k2
(
(k + q)2 −m2q˜
) .
(7.22)
Using Passarino-Veltman reduction (see appendix) one obtains for the vertex correction due to
gluon exchange,
Fg =
(
µ2
mq˜2
) [
− 1
22
+
1

ln(1− r)− pi
2
24
− ln2(1− r)− Li2(r)
− 1
2
− 1 + ln(1− r) +O()
]
. (7.23)
Gluino exchange
The integral corresponding to the gluino exchange diagram is
Γ(1) = −2g32CF µ˜2
∫
ddk
(2pi)2
PLi( /p1 − /k +mg˜
((p1 − k)2 −mg˜2)
PLi( /p2 + /k)(i
√
2n(R)∗PR
(p2 + k)2
i
k2 −mq˜2 , (7.24)
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with
D = l2 −∆, (7.25)
and where
∆ = −(mχ2 −mq˜2)xy +mq˜2x2 − (mg˜2 −mq˜2)y − (mg˜2 +mq˜2)x+mg˜2. (7.26)
The change of variable is
l = k + p2x+ p1(−1 + x+ y). (7.27)
Using the Dirac equation, the numerator reduces to
N = mg˜(mχ(1− x) + /l). (7.28)
The next-to-leading order vertex correction Fg˜ is defined as Fg˜ = mg˜mχRe(I) and thus
Γ(1) =
1
2
Γ(0)
αsCF
pi
(4piµ˜2)Γ()mg˜mχI. (7.29)
The quantity I reads
I =
∫ 1
0
dxdydzδ(1− x− y − z)(1− x)∆−1−
=
∫ 1
0
dx
∫ 1−x
0
dy(1− x)∆−1−
=
∫ 1
0
dx
(1− x)1− ((mq˜2 −mχ2x)− − (mg˜2 −mq˜2x)−)
 (mg˜2 +mχ2x−mq˜2(1 + x)) , (7.30)
When expanding in , it raises
I =
∫ 1
0
dx
1− x
mq˜2(−1 +R+ (−1 + r)x) ln
(
R− x
1− rx
)
+O(), (7.31)
where r = mχ2/mq˜2 < 1 and R = mg˜2/mq˜2 > 1. The integral is then valid for R+ r < 2 and
I = − 1
mq˜2
[
−1
r
ln(1− r)− 1
1− r (R lnR− (R− 1) ln(R− 1))
]
−−2 + r +R
mq˜2(1− r)2H, (7.32)
with
H = Li2(z1)− Li2(rz1) + Li2(rz2)− Li2(z2), (7.33)
and
z1 =
1−R
1− rR and z2 =
2−R− r
1− rR . (7.34)
Finally the vertex corrections Fg˜ due to gluino exchange is
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Fg˜ = mg˜mχRe(I)
=
√
rR
[
1
r
ln(1− r) + 1
1− r (R lnR− (R− 1) ln(R− 1)) +
−2 + r +R
(1− r)2 Re(H)
]
.
(7.35)
7.4 Real emissions
The diagrams for the real emissions are depicted in Fig. 7.5. Their respective amplitudes are
q˜i
χ˜0
q
g
q˜i
χ˜0
qg
Figure 7.5: Real radiations.
iM1 = u( /p1)(−ig3taγµ)
i( /p1 + /k)
(p1 + k)2
(iefRPL)v( /p2)
∗
µ(k), (7.36)
iM2 = u( /p1)(iefRPR)v( /p2)v( /p2)
(−ig3)i(2q − k)µ
(q − k)2 −mq˜2 
∗
µ(k). (7.37)
The parametrisation used in this section is explained in the appendix. In particular, it reads
p1.k =
mq˜
2
2
(1−√r)2y, (7.38)
p1.p2 =
mq˜
2
2
(1− r)z, (7.39)
p1.q =
mq˜
2
2
(1− r)z + mq˜
2
2
(1−√r)2y, (7.40)
k.q =
mq˜
2
2
(1− r)(1− z). (7.41)
In dimensional regularisation (and using Lorenz gauge i.e. here kµ.µ = 0), the matrix elements
squared are
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|M1|2 = e2g23CF f2R
1
2
Tr[ /p2( /p1 + /k)γν /p1γν( /p1 + /k)]
−gµν
(2k.p1)2
= 4e2g23CF f
2
R
2(k.p2)(k.p1)
4(k.p1)2
(1− )
= 4e2g23CF f
2
R
[
−1
2
+
1
2
(1 +
√
r)(1− z)
(1−√r)y
]
(1− )
= 4e2g23CF f
2
Rf11(y, z), (7.42)
|M2|2 = e2g23CF f2R
1
2
Tr[ /p1 /p1](2q)µ(2q)ν
−gµν
(2k.q)2
= 4e2g23CF f
2
R
[
1
(−1 + r)(−1 + z)2 +
1
(−1 + r)(−1 + z)
]
= 4e2g23CF f
2
Rf22(y, z), (7.43)
and
2|M∗1M2|2 = 2e2g23CF f2R
1
2
Tr[ /p2( /p1 + /k)γµ /p1](2q)ν
−gµν
(2k.q)2(2k.p1)2
= 4e2g23CF f
2
R
[
− r
(−1 + r)(−1 + z) +
(1 +
√
r)z
(−1 +√r)y(−1 + z)
]
= 4e2g23CF f
2
Rf21(y, z). (7.44)
By definition, the real corrections read
Freal =
(
µ2
mq˜2
)2
(I11 + I22 + I12) , (7.45)
with
Iab =
(
1 +
√
r
1 +
√
r
)2
1
Γ(1− )
(1−√r)2
1− r
∫ 1
0
dz(r + z(1− r))−
∫ ymax
0
dyy−(ymax − y)−fab(y, z).
(7.46)
Using the method of Ref. [83], the individual contributions are2
2There exist a small subtlety if one uses the table I of Ref. [83]. The definition of Iab differs by a factor Γ(1 − )
from the one of the original article. In particular for 1/2 terms there will be an additional term proportional to
−pi2/12 as
1
Γ(1− ) = 1− γ + 
2
(
γ2
2
− pi
2
12
)
+O(3). (7.47)
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I11 = − 1
4
− 1
2
− 1 + r
8(1− r) +
1
2
ln(1− r)− 2r
2
8(1− r)2 ln r +O(), (7.48)
I22 =
1
2
+
2− 3r + r2
(1− r)2 − ln(1− r) +
r2
(1− r)2 ln r +O(), (7.49)
I12 =
1
22
+
1− ln(1− r)

+ 4− 7pi
2
24
+
1
r − 1 − Li2(r)
+2(−1 + arctanh(1− 2r)) ln(1− r)− r
(1− r)2 ln r +O(). (7.50)
Thus the real next-to-leading order corrections are
Freal =
(
µ2
mq˜2
)2
(I11 + I22 + I12) (7.51)
=
(
µ2
mq˜2
)[ 1
22
+
5
4
− ln(1− r)

− Li2(r)− 7pi
2
24
− 1
8
1 + r
1− r + ln
2(1− r)
+
9
2
− 1
2
ln(1− r)(5 + 2 ln r) + r(−4 + 3)
4(1− r)2 ln r +O()
]
. (7.52)
7.5 Summary
The sum of the next-to-leading order virtual corrections of this process are
Fvir = Fct + Fg˜ + Fg
=
(
µ2
mq˜2
)2 [
− 1
22
− 5
4
+
1
2
ln((1− r)2)− Li2(r)− pi
2
24
+ ln(1− r)
− ln2(1− r) +
(
1
4
+
1
4(R− 1)2 +
1
2(R− 1) +
R2
2
)
lnR
+
1
2
(1−R2) ln(R− 1)− 17
8
− 1
4(R− 1) −
R
2
+O()
]
+ Fg˜. (7.53)
The total next-to-leading order corrections are then [60, 107, 109]
F = Fvir + Freal
=
1
2
(1−R2) ln(R− 1) + R
2(3 + 2(−2 +R)R)
4(−1 +R)2 lnR
−2Li2(r)− 1
2
ln(1− r)(3 + 2 ln r) + r(−4 + 3r)
4(−1 + r)2 ln r −
pi2
3
+
5
2
− 1
4(1− r) −
1
4(R− 1) −
R
2
+ Fg˜. (7.54)
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7.6 Differential calculation
As explained previously, in the soft/collinear region, the real matrix element takes the form:
|Mr
(
pq˜i , pq, pχ˜01 , pg
)
|2 → |M0(pq˜i , p′q, p′χ˜01)|
2 ×D
(
pg · pq˜i , pg · pq,m2q˜i ,m2χ˜01
)
. (7.55)
This can be used to perform the numerical integration of the next-to-leading order corrections.
The purpose of this section is thus to make the coefficient D explicit, to integrate it and to
associate it with the appropriate kinematic.
Kinematic
The integrated dipole is associated with a two particles kinematic as it can be seen from Eq. (7.55).
This kinematic should have the same limit than the real (three particles phase space) kinematic
in the divergent regions i.e. the soft and collinear regions. It has thus modified momenta p′q and
p′
χ˜01
which absorb the momentum carried away by the gluon. They fulfil momentum conserva-
tion pq˜i = p
′
q + p
′
χ˜01
, as well as the on-shell conditions p′2q = 0 and p′
2
χ˜01
= m2
χ˜01
. The general
Lorentz transformation in the plane of the vector pq˜i and pχ˜01 is given by (p
′µ
χ˜01
= Λµνp′νχ˜01
),
Λµν = gµν +
sinh(x)√
(pq˜i · pχ˜01)2 − p2q˜ipχ˜012
(
pµq˜ip
ν
χ˜01
− pνq˜ipµχ˜01
)
+
cosh(x)− 1√
(pq˜i · pχ˜01)2 − p2q˜ipχ˜012
(
pq˜i · pχ˜01(p
µ
q˜i
pνχ˜01
+ pνq˜ip
µ
χ˜01
)− pχ˜01
2pµq˜ip
ν
q˜i − p2q˜ipχ˜01
µpχ˜01
ν
)
.(7.56)
Concerning the transformed momentum of the quark (p′q), it is fixed by p′q = pq˜i−p′χ˜01 . By further
imposing p′q
2 = (pq˜i − p′χ˜01)
2 = 0, one gets:
p′χ˜01 = α(pχ˜01 −
pq˜i · pχ˜01
p2q˜i
pq˜i) + βpq˜i , (7.57)
with
α =
p2q˜i − pχ˜012
2
√
(pq˜i · pχ˜01)2 − p2q˜ipχ˜012
,
β =
p1q˜i + pχ˜01
2
2p2q˜i
. (7.58)
In particular, both kinematics should be indistinguishable in the soft and collinear limit. This
ensures that the the observables are independent of the subtraction scheme. This is achieved by
the use of a Jet algorithm which will cluster soft and collinear particles.
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Dipole subtraction
Schematically the real matrix element can be written as
ΓR = |M1 +M2|2 = |MDivr |2 + |MFinr |2. (7.59)
By |MDivr |2 and |MFinr |2, it is meant the divergent part and the finite part of the real emission
contribution according to the parametrisation. They read
|MDivr |2 = 4g23CF f2i e2
[
1
2
(1 +
√
r)
(1−√r)
1− z
y
(1− )− 1
(1− r)(1− z)2 +
(1 +
√
r)
(1−√r)
z
y(1− z)
]
,
(7.60)
|MFinr |2 = 4g23CF f2i e2
[
−1
2
+
1
(1− z)
]
. (7.61)
One can further write the real matrix element squared as
|MDivr |2 = 4g23CF f2i e2(1− r)
[
− 1
2
1
(1−√r)2
1
y
(1 + )− 1
2
1
(1−√r)2
z
y
(1− )
+
1
(1−√r)2
1
y(1− z) −
1
(1− r)2(1− z)2
]
(7.62)
= CF
16piαs
m2q˜
∑
|M0|2f(y, z), (7.63)
with
f(y, z) = −1
2
1
(1−√r)2
1
y
(1 + )− 1
2
1
(1−√r)2
z
y
(1− ) + 1
(1−√r)2
1
y(1− z) −
1
(1− r)2(1− z)2 .
(7.64)
According to the parametrisation,
∫
dΦ(3)|MDivr |2 =
∫
dΦ(2)
CFαs
pi
(
4pi
m2q˜
)∑
|M0|2 < f(y, z)(1−
√
r)2 >, (7.65)
with
< g(y, z) >=
1
Γ(1− )
(
1 +
√
r
1−√r
)2 ∫ 1
0
dz(r + z(1− r))−
∫ ymax
0
dyy−(ymax − y)−g(y, z).
(7.66)
The quantity < f(y, z)(1−√r)2 > can be explicitly computed and is
< f(y, z)(1−√r)2 > = 5
4
1

+
1
2
1
2
− 1

ln(1− r) + 11
4
− 5
2
ln(1− r) + (7− 5r)
8(1− r) −
7pi2
24
−3
2
r
1− r ln r +
1
4
r2
(1− r)2 ln r − Li2(r)− ln(r) ln(1− r) + ln
2(1− r).
(7.67)
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This constitutes the integrated dipole. Indeed, taking
D
(
pg · pq˜i , pg · pq,m2q˜i ,m2χ˜01
)
= CF
16piαs
m2q˜
f(y, z), (7.68)
as a counterterm in Eq. (7.55) mimics perfectly the divergent behaviour of the real matrix el-
ement. Note that the integrated dipole cancel exactly the divergent terms from the virtual
corrections. For completeness, we provide the analytical integration of the finite part,
|MFinr |2 =
CFαs
pi
16pi2
m2q˜
∑
|M0|2
[
− 1
2(1− r) +
1
(1− z)(1− r)
]
. (7.69)
Thus,
∫
dΦ3|MFinr |2 =
∫
dΦ2
CFαs
pi
∑
|M0|2 <
[
− 1
2(1− r) +
1
(1− z)(1− r)
]
(1−√r)2 >
=
CFαs
pi
∑
|M0|2
∫
dΦ2
[
− 1
2
1
1− r
(
1 + r
2
+
r
1− r ln(r)
)
+ (1− r)
(
r ln(r)
(1− r)2 +
1
(1− r)
)]
. (7.70)
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Chapter 8
Gluino decay
8.1 Leading order and next-to-leading order settings
We now turn to the study of a gluino decaying into a quark and a squark. The tree level diagram
is depicted in Fig. 8.1. The matrix element for the decay of the gluino into an outgoing right-
g˜
q
q˜i
Figure 8.1: Leading order gluino decay.
handed quark and a right-handed squark is
iM = ig3
√
2taαβu(p)PLu(p1). (8.1)
The matrix element squared averaged over the initial colour and spin and summing over the
final colour and spin is thus ∑
spin,colour
|M|2 = 2αspim2g˜(1− κ), (8.2)
with κ = m2q˜/m
2
g˜. Thus the decay rate for the process g˜ → q˜ + q or equivalently g˜ → q˜ + q for a
given flavour of quark is
Γ0 =
1
8
αsmg˜(1− κ)2. (8.3)
As the two precedent processes are experimentally equivalent (when neglecting spin depen-
dence),
Γ0(g˜ → q˜ + q, g˜ → q˜ + q) = 21
8
αsmg˜(1− κ)2. (8.4)
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Finally, if one considers all light quark flavours (introducing a factor nf ) and that the squark are
degenerate in mass (meaning that both left and right squark have equal mass), one recovers the
result of Ref. [80].
For the sake of completeness, one can also calculate the decay of gluino into top quark
(massive quark) and top squark. The mixing between the mass eigenstates (denoted by t˜1,2)
and the interaction eigenstates (denoted by t˜L,R) can be parametrised as(
t˜1
t˜2
)
=
(
cos(θ) sin(θ)
− sin(θ) cos(θ)
)(
t˜L
t˜R
)
. (8.5)
The four momenta of the gluino, quark and squark are p, p1 and q respectively. The amplitude
reads for the squark t˜1:
iM = u(/p)(ig3
√
2)(cos(θ)PL + sin(θ)PR)u(p1). (8.6)
Thus the decay width reads [108]
Γ(g˜ → tt˜1,2) = αs
8mg˜3
[
mg˜
2 +mq
2 −mt˜1,22 ± 2mg˜2mt˜1,22 sin(2θ)
]
λ1/2(mg˜
2,mt˜1,2
2,mq
2), (8.7)
where the ± sign accounts for the second squark.
Concerning the next-to-leading order calculation, as in Ref. [80], we follow the division
of contributions into colour factors and the number of light flavours. For the next-to-leading
order the counterterm δ3 to g3 in MS scheme is given by [80]
δ3 =
αs
pi
[
−3Nc
8
+
nf
8
]
, (8.8)
with Nc and nf a colour factor and the number of light quarks respectively. In this case, the
constant counterterms to the Yukawa coupling gˆ3 are
gˆ3 = g3
[
1 +
αs
pi
(
Nc
6
− CF
8
)]
. (8.9)
Finally, according to the prescription of Ref. [80] the scale dependant term reads
Fren =
3Nc − nf
4
log
(
µ2
m2q˜
)
, (8.10)
where mq˜ is the squark mass in the case of degenerate squarks masses. The vertex, self-energy
(on top of the one already calculated for squark decay) and real contributions are depicted in
Figs. 8.2, 8.3 and 8.4 respectively.
8.2 Contributions proportional to nf
The self-energy of the gluino with squark and quark in the loop is
−iΣg˜q˜ = µ˜2
∫
ddk
(2pi)d
(−ig3Tα
√
2)(−ig3T β
√
2)
−i/k
k2
i
(k + p)2 −m2q˜
= −g23µ˜2
∫
ddk
(2pi)d
/k
k2
1
(k + p)2 −m2q˜
. (8.11)
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Figure 8.2: Vertex corrections to gluino decay.
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q˜i
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Figure 8.3: Gluino self-energy.
g˜
q
q˜i
g
g˜
q
q˜i
g
g˜
q˜i
q
g
Figure 8.4: Gluino real radiation.
Using Feynman trick, performing a shift k → l = k+xp and integrating over the four momentum,
one obtains
Σg˜q˜(/p) = −αs
4pi
(µ˜24pi)
∫ 1
0
dxΓ()∆−x/p
= −αs
4pi
∫ 1
0
dx
[
1

− log
(
−x(1− x)p2 + xm2q˜
µ2
)
+O()
]
x/p. (8.12)
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Finally,
αsnf
pi
Ff = 2
[
dΣg˜q˜
d/p
∣∣∣∣
/p=mg˜
+
1
8
]
+
1
4
log
(
µ2
m2q˜
)
= − 3
4R
+
(R− 1)(3 +R)
4R2
log(R− 1) = f(R), (8.13)
with R = m2g˜/m
2
q˜ . Note that the factors 2 and nf in Eq. (8.13) are due to the fact there are
two diagrams of identical contribution in the case of degenerate squark mass. Note that the
terms 1/ and the log terms come from the counterterm δ3 to g3 and the scale depend terms
Fren respectively. In the case of non-degenerate squarks, the contribution reads
αsnf
pi
Ff =
2nf∑
i=1
1
2
f(Ri), (8.14)
with Ri = m2g˜/m
2
q˜i
. In this case, the contribution Fren becomes:
Fren =
3Nc
4
log
(
µ2
m2q˜k
)
−
2nf∑
i=1
1
8
log
(
µ2
m2q˜i
)
, (8.15)
where mq˜k is the mass of the squark of the decay and µ the renormalisation scale. Note that
Passarino-Veltman functions are convenient for numerical implementation (see appendix). The
contribution from massive quarks is also given in the appendix.
8.3 Contributions proportional to Nc
Gluino self-energy contribution
The gluino self-energy with the exchange of a gluon gives the contribution
−iΣg˜gδab = g23fdacf bdcµ˜2
∫
ddk
(2pi)d
γµ
i(−/k +mg˜)
k2 −m2g˜ + i
−i
(k + p)2 + i
= −2g23Ncδabµ˜2
∫
ddk
(2pi)d
(1− )/k + (2− )mg˜
(k + p)2(k2 −mg˜) . (8.16)
To go from the first line to the second line, the gamma matrices relations in d = 4−2 dimensions
γµγ
µ = 2(2− ) and γµγνγµ = −2(1− )γν have been used. Using the Feynman parameters, the
shift k → l = k + xp and integrating gives
− iΣg˜g = i1
2
αsNc
pi
(4piµ˜2)Γ()
∫ 1
0
dx∆−
[
(1− )x/p− (2− )mg˜
]
. (8.17)
Hence the gluino self-energy with the exchange of a gluon is
αsNc
pi
FA,ct =
αsNc
pi
(
µ2
m2g˜
)(
− 3
4
− 1
)
(8.18)
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Vertex contributions
Quark and gluino exchanging a gluon
The vertex correction with a quark and a gluino exchanging a gluon reads
iΓ(1) = u( /p1)(−ig3γµtc)
∫
ddl
(2pi)d
i(/k + /p1)
(k + p1)2
Γ
(0)
b
i(/k + /p+mg˜)
(k + p)2 −m2g˜
(−g3γνf bac)u(/p)−gµν
k2
= −1
2
ig23u( /p1)γ
µ
∫
ddl
(2pi)d
/k + /p1
(k + p1)2
Γ(0)a
/k + /p+mg˜
(k + p)2 −m2g˜
γµu(/p)
1
k2
. (8.19)
Using the Dirac equation and Passarino-Veltman reduction technique, Eq. (8.19) reduces to
Γ(1) = −g23µ2
∫
ddk
(2pi)d
[ −2
(k + p1)2[(k + q)2 −m2g˜]
+
2
k2[(k + p)2 −m2g˜]
+
2(m2g˜ −m2q˜)
k2(k + p1)2[(k + p)2 −m2g˜]
− 2mg˜/k
k2(k + p1)2[(k + p)2 −m2g˜]
]
1
2
Γ(0)iNc
=
1
4
αsNc
pi
Γ(0)[−B0(m2q˜ ; 0,m2g˜) +B0(m2g˜; 0,m2g˜) + (m2g˜ −m2q˜)C0(0,m2q˜),m2g˜; 0, 0,m2g˜)−Bm2g˜],(8.20)
where R = mg˜2/mq˜2 > 1. This finally gives,
Fg˜q =
(
µ2
m2g˜
) [
− 1
42
+
1
2
[
1 + ln
(
R− 1
R
)]
− 5pi
2
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− 1
2
ln2(R− 1)
+
1
2
ln(R− 1)(R+ lnR) + 1
2
− R
2
lnR− 1
4
ln2R− 1
2
Li2(1−R) +O()
]
. (8.21)
Squark and gluino exchanging a gluon
This contribution is given by
iM(1) = u( /p1)tcΓ(0)b
∫
ddk
(2pi)d
i(/p+ /k +mg˜)
(p+ k)2 −m2g˜
(−g3γνf bac)u(/p)−igµν
k2
i(−ig3(2q + k)µ)
(q + k)2 −m2q˜
= −1
2
ig23Ncu( /p1)Γ
(0)
a
∫
ddk
(2pi)d
/p+ /k +mg˜
(p+ k)2 −m2g˜
2/q + /k
(q + k)2 −m2q˜
1
k2
u(/p). (8.22)
By use of the Dirac equation, one obtains
Γ(1) =
1
4
αsNc
pi
Γ(0)
[
I
2
+B0(m
2
g˜; 0,mg˜)−
1
2
B0(m
2
q˜ ; 0,m
2
q˜)
]
, (8.23)
with
I =
(4piµ˜2)
ipi2−
∫
ddk
2(m2g˜ +m
2
q˜) + 2mg˜/k
k2(k2 + 2k.p)(k2 + 2k.q)
=
(1 +R) lnR
(R− 1) +
2R lnR
R− 1 +
(1 +R) lnR
2(R− 1) +O(). (8.24)
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Thus, the next-to-leading order contribution due to the exchange of a gluon between a squark
and a gluino is:
Fg˜q˜ =
(
µ2
m2g˜
) [
1
4
+
(1 +R) lnR
4(R− 1) +
1
2
+
(1 +R) lnR(2 + lnR)
8(R− 1) +O()
]
. (8.25)
Moreover, one can re-use the result from the previous section where the contributions to the
squark decay, namely the exchange of a gluon by a squark and a quark have been calculated.
They read:
Fq˜q = −1
2
(Fg + pi
2)
=
(
µ2
m2g˜
) [
1
42
+
1
4
lnR
1
2
− 19pi
2
48
+
1
2
ln2(R− 1) + 1
8
ln2R+
1
4
lnR
− 1
2
ln(R− 1)(1 + 2 lnR)− 1
2
Li2(1−R) +O()
]
, (8.26)
and eventually the exchange of a squark between the gluino and the quark is
FA,g˜ = −1
2
Fg˜
=
1
2(R− 1) ln(R− 1)(1−R
2 + 2R lnR)− Rpi
2
12(R− 1) +
R2
12(R− 1) lnR
− R
r − 1 lnR ln(R+ 1) +
R
R− 1(Li2(1−R)− Li2(−R)). (8.27)
Real gluon emission
In this section, the colour factor 1/2δab is not explicitly written as it is absorbed in the leading
order part. The amplitudes for real gluon emission are:
iM1 = −ig3tau(/p)Γ(0)b
i( /p1 + /k)
(p1 + k)2
γµu( /p1)
∗
µ(k),
iM2 = −ig3(2q + k)µtau(/p)Γ(0)b u( /p1)
i
(q + k)2 −m2g˜
∗µ(k),
iM3 = −g3fabcu(/p)γµ
i(/p− /k +mg˜)
(p− k)2 −m2g˜
Γ
(0)
b u( /p1)
∗
µ(k), (8.28)
where Γ(0)b = ig3
√
2taPL. The previous parametrisation has been used. In particular the gluino,
squark and quark four momenta are denoted by p, q and p1 respectively. The useful relations
are:
63
p1 · k =
m2g˜
2
(1−√κ)2y,
p · k = m
2
g˜
2
(1− κ)(1− z),
p1 · q =
m2g˜
2
(1− κ)z,
p1 · p =
m2g˜
2
(1− κ)z + mg˜
2
(1−√κ)2y. (8.29)
The matrix elements squared are:
|M3|2 = −2g43Nc
Tr
[
(/p+mg˜)γ
µ(/p− /k +mg˜)PL /p1PR(/p− /k +mg˜)γµ
]
(−2p · k)2
= 8g43Nc
(
k · p1
(
m2g˜ − (− 1)k · p
)
−m2g˜p · p1
)
2(k · p)2
= 8g43Nc
(1− )(1−√κ)2y(1− z)− 2z
2(1− κ)(1− z)2
= 8g43Ncf33(y, z), (8.30)
2ReM1M∗3 = 4g43
1
2
Nc
1
(2p · k)(2p1 · k)Tr
[
(/p+mg˜)PL( /p1 + /k)γ
µ
/p1PR(/p− /k +mg˜)γµ
]
= 8g42Nc
2p · p1(k · p+ p · p1)− k · p1
(
−2(− 1)k · p+m2g˜ + 2p · p1
)
4 (k · p) (k · p1)
= 8g42Nc
(1 +
√
κ)2z + y(−1 + (κ− 1)(z − 1) + z − κz)
2y(1− κ)(1− z)
= 8g43Ncf31(y, z), (8.31)
and
2ReM2M∗3 = 2g43Nc
1
(2p · k)(2q · k)Tr
[
(/p+mg˜)PL /p1PR(/p− /k +mg˜)2/q
]
= 8g43Nc
−(k · q)(p · p1)− (k · p1)(p · q) + (k · p)(p1 · q) + 2(p · p1)(p · q)
4(k · p)(k · q)
= 8g42Nc
[
− κ
2(κ− 1)(z − 1) +
+
κ+ z
2(
√
κ− 1)(z − 1)(1 +√κ− y +√κy − z −√κz)
]
= 8g43Ncf32(y, z), (8.32)
with the extra definitions
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f32,1(y, z) = − κ
2(κ− 1)(z − 1) , (8.33)
and
f32,2(y, z) =
κ+ z
2(
√
κ− 1)(z − 1)(1 +√κ− y +√κy − z −√κz) . (8.34)
Again,
Fab =
(
1 +
√
κ
1−√κ
)2
1
Γ(1− )
(1−√κ)2
1− κ
∫ 1
0
dz(κ+ z(1− κ))−
∫ ymax
0
dyy−(ymax− y)−fab(y, z),
(8.35)
and thus
F33 =
(
µ2
m2g˜
) [
1
2
+
17
8
+
7
4(R− 1) − ln(R− 1) +
(
−1
4
+
−12R+ 5R2
4(R− 1)2
)
lnR+O()
]
,
(8.36)
where R = κ−1 = m2g˜/m
2
q˜ . In the same way for the interference term,
F31 =
(
µ2
m2g˜
) [
1
42
1− ln(R− 1) + lnR
2
+
5
4
− 11pi
2
48
− 1
R− 1 +
1
2
ln2(R− 1)
+ lnR+ (−1− lnR) ln(R− 1) + R lnR
(R− 1)2
1
4
ln2R− 1
2
Li2(1−R) +O()
]
. (8.37)
The calculation of F32 is a bit more involved. The term F32,1 is straightforward to calculate and
reads
F32,1 = −κ(1− κ+ κ lnκ)
2(1− κ)2 +O(). (8.38)
Concerning f32,2, after the y integration, one gets
F ′32,2 =
1
2
(1−z)−1−2(κ+z−kz)−1(κ+z)z
[
(z(1− κ))−2 Γ(1− )
Γ(2− 2)Hyp
(
1, 1− ; 2− 2; z − kz
k + z − kz
)]
.
(8.39)
One can then expand in  the part into square brackets using the package HypExp [167, 168] to
obtain
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SB =
[
(z(1− κ))−2 Γ(1− )
Γ(2− 2)Hyp
(
1, 1− ; 2− 1; z − kz
k + z − kz
)]
= [1− 2 ln((1− κ)z)] (1 + 2)
[
−
(k + z − kz) ln
(
k
k+z−kz
)
z − kz
+ 
k + z − kz
2(z − kz)
[
ln
(
κ
κ+ z − kz
)[
4 + ln
(
κ
κ+ z − kz
)]
+ 4Li2
(
z − kz
k + z − kz
)]
+O(2)
]
=
κ+ z − κz
z(1− κ)
[
− ln
(
κ
κ+ z − κz
)
+

2
ln
(
κ
κ+ z − κz
)[
4 ln ((1− κ)z) + ln
(
κ
κ+ z − κz
)]
+ 2Li2
(
z − κz
κ+ z − zκ
)
+O(2)
]
.(8.40)
Thus it gives
F ′32,2 = −
1
2
κ+ z
1− κ ln
(
κ
κ+ z − κz
)
(1− z)−1−2 + f(z)(1− z)−1−2 +O(2), (8.41)
with
f(z) =
1
4
κ+ z
1− κ
[
ln
(
κ
κ+ z − κz
)[
4 ln ((1− κ)z) + ln
(
κ
κ+ z − κz
)]
+ 4Li2
(
z − κz
κ+ z − zκ
)]
.
(8.42)
The first term of F ′32,2 can be integrated with the use of the following integral (the change of
variable z → 1− z that leaves this integral invariant has been used)
−
∫ 1
0
dz
1
2
(1+κ−z)z−1−2 ln
(
κ
1− (1− κ)z
)
=
(1 + κ) lnκ
4
+
1
2
+
lnκ− (1− κ2)Li2(1− κ)
2(1− κ) +O().
(8.43)
For the second term, one can use the following relation:
∫ 1
0
dzf(z)(1− z)−1−2 =
∫ 1
0
dzf(1)(1− z)−1−2 +
∫ 1
0
dz[f(z)− f(1)](1− z)−1−2
=
∫ 1
0
dzf(1)(1− z)−1−2 +
∫ 1
0
dzf ′(z)(1− z)−2 + · · ·
=
∫ 1
0
dzf(1)(1− z)−1−2 +O(). (8.44)
Thus finally
∫ 1
0
f(z)(1− z)−1−2 = −1
8
1 + κ
1− κ [lnκ (4 ln(1− κ) + lnκ) + 4Li2(1− κ)] . (8.45)
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It finally gives
F32,2 =
1
4
1 + κ
1− κ lnκ−
1
8
1 + κ
1− κ [lnκ (4 ln(1− κ) + lnκ) + 4Li2(1− κ)]
+
1
2(1− κ) +
lnκ− (1− κ2)Li2(1− κ)
2(1− κ)2 +O(). (8.46)
Performing the replacement κ→ R = 1/κ = m2g˜/m2q˜ raises
F32 =
(
µ2
m2g˜
) [
− (1 +R) lnR
4(R− 1) −
(1 +R) lnR
2(R− 1) −
(1 +R) ln2R
8(R− 1)
+
(1 +R)Li2(1−R)
R− 1 +
(1 +R) ln(R− 1) lnR
2(R− 1) +
1
2
]
. (8.47)
The sum of the real correction proportional to Nc is thus
F33 + F31 + F32 =
(
µ2
m2g˜
) [
1
42
+
1
4
[
4− 2 ln(R− 1) + R− 3
R− 1 lnR
]
− 11pi
2
48
+
31
8
− ln(R− 1)
[
2 +
R− 3
2(R− 1) lnR
]
+
[
3
4
+
−8R+ 3R2 + 2
4(R− 1)2
]
lnR+
3
4(R− 1)
+
1
2
ln2(R− 1) + R− 3
8(R− 1) ln
2R+
R+ 3
2(R− 1)Li2(1−R) +O()
]
. (8.48)
Re-using the results from the squark decay, being careful about the colour factor (which is
−Nc/2) and that this expression is factorised by
(
µ2
m2g˜
)
and not
(
µ2
m2q˜
)
, one obtains
−1
2
F21 =
(
µ2
m2g˜
)[
− 1
42
−1 + ln(R− 1)
2
− 1
4
lnR
− 2 + 11pi
2
48
− 1
2(R− 1) −
1
2
ln2(R− 1)− 1 + (R− 3)R
2(R− 1)2 lnR
− 1
8
ln2R+
1
2
ln(R− 1)(2 + lnR)− 1
2
Li2(1−R)
]
. (8.49)
For the real contribution, the final result is thus
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FA,real = F33 + F31 + F32 − 1
2
F21
=
(
µ2
m2g˜
) [
1
2
− 1
2(R− 1) lnR+
[
3
4
+
−2R+R2
4(R− 1)2
]
lnR+
1
R− 1 ln(R− 1) lnR
− 1
4(R− 1) ln
2R+
15
8
+
1
4(R− 1) − ln(R− 1) +
2
R− 1Li2(1−R)
]
=
1
2
− 1
2(R− 1) lnR+
[
1
2
ln
(
µ2
m2q˜
)
− 1
2
lnR
] [
1− lnR
R− 1
]
+
[
3
4
+
−2R+R2
4(R− 1)2
]
lnR+
15
8
+
1
R− 1 ln(R− 1) lnR−
1
4(R− 1) ln
2R+
1
4(R− 1) − ln(R− 1) +
2
R− 1Li2(1−R). (8.50)
Sum of contribution to Nc
The sum of all the virtual contributions to FA reads
FA,vir − pi2 = FA,ct + Fg˜q + Fg˜q˜ + FA,g˜ + 1
3
=
(
µ2
m2g˜
) [
1
4
+
1
2(R− 1) lnR+
(6− 7R)pi2
12(R− 1) +
1
R− 1Li2(1−R)−
R
R− 1Li2(−R)
+
2− 2R+ (1 +R) lnR
2(R− 1) ln(R− 1) +
1
4(R− 1) ln
2R− −1 + ln(R+ 1)
R− 1 R lnR+
5
6
]
=
1
4
+
1
2(R− 1) lnR+
[
1
2
ln
(
µ2
m2q˜
)
− 1
2
lnR
] [
1
2
− lnR
R− 1
]
+
(6− 7R)pi2
12(R− 1) +
1
R− 1Li2(1−R)−
R
R− 1Li2(−R)
+
2− 2R+ (1 +R) lnR
2(R− 1) ln(R− 1) +
1
4(R− 1) ln
2R− −1 + ln(R+ 1)
R− 1 R lnR+
5
6
,(8.51)
where the term 1/3 comes from the constant counterterm to the Yukawa coupling gˆ3. The real
and virtual contributions are
FA − pi2 = FA,vir − pi2 + FA,real − 3
4
− 3
4
ln
(
µ2
m2q˜
)
=
3
R− 1Li2(1−R)−
R
R− 1Li2(−R) +
6− 7R
12(R− 1)pi
2 +
R
4(R− 1)
+ lnR
[
R(5R− 6)
4(R− 1)2 −
R
R− 1 ln(1 +R)
]
+ ln(R− 1)
[
−2 + R+ 3
2(R− 1) lnR
]
+
59
24
.(8.52)
Note the − 34 term accounts for the charge renormalisation. And the term −34 ln
(
µ2
m2g˜
)
intro-
duces a renormalisation scale dependant term in the final result.
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8.4 Contribution proportional to CF
From the squark decay calculation, one gets
FF =
5
2
+Fg˜−2pi
2
3
−R
2
+
(
R
R− 1 +
1
2
R2
)
lnR+ln(R−1)
(
−R
2
2
− 1 + lnR
)
+Li2(1−R), (8.53)
with
Fg˜ =
pi2R
6(R− 1)+
2R
R− 1(−Li2(1−R)+Li2(−R))+ln(R−1)
(
R+ 1− 2R
R− 1 lnR
)
+lnR
−R2 + 2R ln(R+ 1)
R− 1 .
(8.54)
Thus
FF = − 2
R− 1Li2(1−R) +
2R
R− 1Li2(−R) +
pi2(4− 3R)
6(R− 1) +
1
2
(5−R)
+
R
2
lnR
(
−2 +R4 ln(R+ 1)
R− 1
)
+
(
R− R
2
2
− R+ 1
R− 1 lnR
)
ln(R− 1). (8.55)
This contribution can then be decomposed into a real and a virtual part,
FF,vir = Fvir(r → R)
=
(
µ2
m2g˜
) [
− 1
22
− 5
4
− 1
2
+
1
2
(
ln(R− 1)2 − lnR)− R− 5
24(R− 1)pi
2
− 1
2
ln(R− 1)
[
−5 + (R− 2)R+ 4
(R− 1) lnR
]
− ln2(R− 1)
+
2R
R− 1Li2(−R)−
R+ 1
R− 1Li2(1−R)−
−45 + 3R(13 + 4R)
24(R− 1) −
1
4
ln2R
+ lnR
[−5 + 2R(5 +R− 4R2 +R3)
4(R− 1)2 +
2R
R− 1 ln(R+ 1)
]
. (8.56)
The real part being,
FF,real =
(
µ2
m2g˜
) [
1
22
+
5
4
− 1
2
(
ln(R− 1)2 − lnR)+ Li2(1−R)− 11pi2
24
+ ln2(R− 1) + 9
2
− lnR ln(R− 1)− 5
2
ln(R− 1)
+ lnR
(
5
4
+
R(−4 + 3R)
4(R− 1)2
)
+
1 +R
8(R− 1) + 14 ln2R
]
. (8.57)
8.5 Differential calculation
Crossing symmetry
The so-called crossing symmetry [67, 169] is the procedure of exchanging external particles and
make use of symmetries in order to obtain a new matrix elements. To make it more concrete,
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let us have a look in more details to one particular example. First consider the squark decay and
the real diagram squared where the gluon is emitted from the quark,
|M1|2 = 8e2g23CF |n(R)|2
[
1
2
(−1 + ) + (1− )(1 +
√
r)(1− z)
2(1−√r)y
]
= 8e2g23CF |n(R)|2f11(y, z). (8.58)
We will here just focus on the integration of f11 as the pre-factor is irrelevant for the present
discussion. After integration using standard techniques, one obtains
F11 =
(
µ2
mq˜2
) [
− 1
4
− 1
2
− 1 + r
8(1− r) +
1
2
ln(1− r)− r
2
4(1− r)2 ln r +O()
]
, (8.59)
where r = mχ2/mq˜2. One can now perform the replacement r → R = mg˜2/mq˜2. This means
that one replaces the neutralino by a gluino (which are both Majorana fermions). One then
gets:
F11 =
(
µ2
mg˜2
) [
− 1
4
− 1
2
− R+ 1
8(R− 1) +
1
2
ln(R− 1)− 2R
2 − 2R+ 1
4(R− 1)2 lnR+O()
]
, (8.60)
where we have used,(
µ2
mq˜2
) [
− 1
4
+O()
]
=
(
µ2
mg˜2
)[
− 1
4
− lnR
4
+O()
]
. (8.61)
The same calculation can now be performed without the help of the crossing symmetry i.e.
by calculating explicitly the correction coming from the real diagram squared in the case of
gluino decay where the gluon is emitted from the quark. The matrix element squared reads
|M1|2 = 8g43CF
(1− )
2
1− κ
(1−√κ)2
[
1
y
− z
y
]
= 8e2g23CF |n(R)|2f ′11(y, z), (8.62)
with κ = mq˜2/mg˜2. Note that f ′11 actually differs from f11. Again with the help of standard
integration techniques one obtains:
F ′11 =
(
µ2
mg˜2
) [
− 1
4
− 5
4
+
7− 5κ
8(1− κ) +
1
2
ln(1− κ) + 2κ− κ
2
4(1− κ)2 lnκ
]
. (8.63)
Then by performing the replacement κ→ 1/κ = R, one finally obtains:
F ′11 =
(
µ2
mg˜2
) [
− 1
4
− 1
2
− R+ 1
8(R− 1) +
1
2
ln(R− 1)− 2R
2 − 2R+ 1
4(R− 1)2 lnR+O()
]
, (8.64)
which is exactly the result obtained with the help of the crossing symmetry.
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Dipole subtraction
To calculate the counterterm associated with the gluino decay, the same technique as for the
squark decay has been used. Hence, the procedure of Ref. [83] is also used. The principle is
still the same but the real radiations has different colour pre-factors. In particular there are two
dipoles, one proportional to CF and another proportional to Nc. Moreover crossing symmetry
has been used in order to re-use the calculations performed in the case of squark decay. In this
section, only the calculation of the dipole and its integrated form is reported as the associated
kinematic is exactly the same as for the squark case.
Proportional to Nc
Again, dividing the real contributions into the divergent and the finite terms gives
|MDivr |233 = 8g43Nc
[
− 1
(1− κ)(1− z)2
]
, (8.65)
|MFinr |233 = 8g43Nc
[
1
2
(1−√κ)2
(1− κ)
y
1− z +
1
(1− κ)(1− z)
]
, (8.66)
|MDivr |231 = 8g43Nc
[
(1 +
√
κ)2
2(1− κ)(1− z)y −
(1 +
√
κ)2
2(1− κ)y
]
, (8.67)
|MFinr |231 = 8g43Nc
[
− 1
2(1− κ)(1− z) +
1
2
1
1− z −
1
2
]
, (8.68)
and
|MFinr |232 = 8g43Nc
[
− κ
2(1− κ)(1− z)
]
. (8.69)
Thus the sum of divergent terms is
∑
i
|MDivr |2i = 8g43Nc
[
− 1
(1− κ)(1− z)2 +
(1 +
√
κ)2
2(1− κ)(1− z)y −
(1 +
√
κ)2
2(1− κ)y
+
κ+ z
2(1−√κ)(1− z) ((1 +√κ)(1− z)− y(1−√κ))
]
=
αs
pi
16pi2
m2g˜
Nc|M0|2
[
− 1
(1− κ)2(1− z)2 +
(1 +
√
κ)2
2(1− κ)2(1− z)y −
(1 +
√
κ)2
2(1− κ)2y
+
κ+ z
2(1− κ)(1− z) ((1− κ)(1− z)− y(1−√κ)2)
]
=
αs
pi
16pi2
m2g˜
Nc|M0|2fD(y, z), (8.70)
and the sum of the finite terms is
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∑
i
|MFinr |2i = 8g43Nc
[
1
2
(1−√κ)2
(1− κ)
y
1− z +
1
(1− κ)(1− z) −
1
2(1− κ)(1− z)
+
1
2
1
1− z −
1
2
− κ
2(1− κ)(1− z)
]
=
αs
pi
16pi2
m2g˜
Nc|M0|2
[
1
2
(1−√κ)2
(1− κ)2
y
1− z +
1
(1− κ)2(1− z) −
1
2(1− κ)2(1− z)
+
1
2
1
(1− z)(1− κ) −
1
2
1
(1− κ) −
κ
2(1− κ)2(1− z)
]
=
αs
pi
16pi2
m2g˜
Nc|M0|2fF (y, z), (8.71)
with fD and fF defined in the last lines of Eq. (8.70) and (8.71) respectively. The three particles
phase space with the previous parametrisation reads
∫
dΦ(3) =
∫
dΦ(2)
(1−√κ)2
16pi2
(m2g˜)
1−(4pi)
Γ(1− )
(
1 +
√
κ
1−√κ
)2
×
×
∫ 1
0
dz(κ+ z(1− κ))−
∫ ymax
0
dyy−(ymax − y)−. (8.72)
Thus ∫
dΦ(3)|MDivr |2 =
∫
dΦ(2)
αs
pi
(
4pi
m2g˜
)
|M0|2 < fD(y, z)(1−
√
κ)2 > (8.73)
and ∫
dΦ(3)|MFinr |2 =
∫
dΦ(2)
αs
pi
(
4pi
m2g˜
)
|M0|2 < fF (y, z)(1−
√
κ)2 >, (8.74)
with
< g(y, z) >=
1
Γ(1− )
(
1 +
√
r
1−√r
)2 ∫ 1
0
dz(r + z(1− r))−
∫ ymax
0
dyy−(ymax − y)−g(y, z).
(8.75)
One can explicitly calculate the quantities < fD(y, z)(1−
√
r)2 > and < fF (y, z)(1−
√
r)2 >:
< fD(y, z)(1−
√
r)2 > =
1
42
+
1

− 1
2
ln(R− 1)

+
1
4
R− 3
R− 1 lnR+
1
2
ln2(R− 1)
+
R− 3
8
ln2R
R− 1 −
11pi2
48
+
3−R
2(R− 1) lnR ln(R− 1)− 2 ln(R− 1)
+
R+ 3
2(R− 1)Li2(1−R) +
6R− 5
2(R− 1) +
3R2 − 5R+ 1
2(R− 1)2 lnR, (8.76)
and
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< fF (y, z)(1−
√
r)2 >=
3− 4R
4(R− 1)2 lnR+
7R− 5
8(R− 1) . (8.77)
Due to colour factor, the contribution −F12/2 should also be included in the real radiation
contribution proportional to Nc. The function to integrate is:
− 1
2
f ′12(y, z) =
1
2
[
(1− κ)2z − κ(1−√κ)2y]
[(1− κ)(1− z)− (1−√κ)2y] (1−√κ)2y
1
1− κ. (8.78)
It thus leads to the contribution
−1
2
F ′21 =
(
µ2
m2g˜
) [
− 1
42
− 1− ln(R− 1)
2
− lnR
4
− 2 + 11pi
2
48
− 1
2(R− 1) −
1
2
ln2(R− 1)
−1 + (R− 3)R
2(R− 1)2 lnR−
1
8
ln2R− 1
2
Li2(1−R) + 1
2
ln(R− 1) (2 + lnR)
]
. (8.79)
Finally the integrated real divergent contribution proportional to Nc is
FNc,Real,Div =
1
2
− 1
2(R− 1) lnR+
[
1
2
ln
(
µ2
m2q˜
)
− 1
2
lnR
] [
1
2
+
lnR
(R− 1)
]
+
1
2
ln2(R− 1) + R− 3
8
ln2R
R− 1 −
11pi2
48
+
3−R
2(R− 1) lnR ln(R− 1)
−2 ln(R− 1) + R+ 3
2(R− 1)Li2(1−R) +
6R− 5
2(R− 1) +
3R2 − 5R+ 1
2(R− 1)2 lnR− 2 +
11pi2
48
− 1
2(R− 1)
−1
2
ln2(R− 1)− 1 + (R− 3)R
2(R− 1)2 lnR−
1
8
ln2R− 1
2
Li2(1−R) + 1
2
ln(R− 1) (2 + lnR) . (8.80)
Proportional to CF
Using crossing symmetry , the real corrections proportional to CF can be obtained without
explicitly performing the integration. Nonetheless one still need to express the matrix element
with the parametrisation corresponding to the process studied. The matrix elements squared
are
|M1|2 = 2g43CFTr
[
(/p+mg˜)PL( /p1 + /k)γ
ν
/p1γ
µ( /p1 + /k)PR
] −gµν
(p1 + k)4
= 8g43CF
[
1− 
2
(k.p)
k.p1
]
= 8g43CF
[
1− 
2
(1− κ)(1− z)
(1−√κ)2y
]
= 8g43CF f
′
11(y, z), (8.81)
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|M2|2 = 2g43CFTr
[
(/p+mg˜)PL /p1PR
]
(2q)µ(2q)ν
−gµν
4(k.q)2
= −8g43CF
κm2g˜(p · p1)
2(k · q)2
= −8g43CFκ
[
(1− κ)z + (1−√κ)2y]
[(1− κ)(1− z)− (1−√κ)2y]2
= 8g43CF f
′
22(y, z), (8.82)
and
2ReM∗1M2 = −8g43CF
Tr
[
(/p+mg˜)PL /p1/q( /p1 + /k)PR
]
4(q.k)(k.p1)
= −4g43CF
[(k.q)(p.p1)− (k.p1)(p.q) + (k.p)(p1.q) + 2(p.p1)(q.p1)]
(q.k)(k.p1)
= −8g43CF
[
(1− κ)2z − (1−√κ)2κy]
[(1− κ)(1− z)− (1−√κ)2y] (1−√κ)2y
= 8g43CF f
′
12(y, z). (8.83)
Then by the use of crossing symmetry one obtains the following results without performing
explicitly the integration and by only re-using the squark decay results:
F ′11 =
(
µ2
m2g˜
) [
− 1
4
+
1
2
ln(R− 1) + 5− 3R
8(R− 1) −
2R2 − 2R+ 1
4(R− 1)2 lnR
]
=
(
µ2
m2g˜
) [
− 1
4
− 5
4
+
7− 5κ
8(1− κ) +
1
2
ln(1− κ) + 2κ− κ
2
4(1− κ)2 lnκ
]
, (8.84)
F ′22 =
(
µ2
m2g˜
) [
1
2
+
2− 3R+R2
(R− 1)2 − ln(R− 1) +
3R2 − 2R+ 1
2(R− 1)2 lnR
]
=
(
µ2
m2g˜
) [
1
2
− ln(1− κ) + 2κ
2 − 3κ+ 1
(1− κ)2 +
κ2 − 2κ− 1
2(1− κ)2 lnκ
]
, (8.85)
and
F ′21 =
(
µ2
m2g˜
) [
1
22
+
1− ln(R− 1)

+
lnR
2
+ 4− 11pi
2
24
+
1
R− 1 + ln
2(R− 1)
+
1 + (R− 3)R
(R− 1)2 lnR+
1
4
ln2R+ Li2(1−R)− ln(R− 1) (2 + lnR)
]
=
(
µ2
m2g˜
) [
1
22
+
1

− ln(1− κ)

+
lnκ
2
+ 4− 11pi
2
24
+
κ
1− κ + ln
2(1− κ)− 2 ln(1− κ) lnκ
−κ
2 − 3κ+ 1
(1− κ)2 lnκ+
1
4
ln2 κ− Li2(1− κ)− 1
2
ln2 κ− 2 ln(1− κ) + 2 lnκ+ ln(1− κ) lnκ
]
.(8.86)
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So the dipole term can be written as:
∑
i
|M′Divr |2i = 8g43Nc
[
1− 
2
(1− κ)(1− z)
(1−√κ)2y − κ
[
(1− κ)z + (1−√κ)2y]
[(1− κ)(1− z)− (1−√κ)2y]2
−
[
(1− κ)2z − (1−√κ)2κy]
[(1− κ)(1− z)− (1−√κ)2y] (1−√κ)2y
]
=
αs
pi
16pi2
m2g˜
Nc|M0|2f ′D(y, z), (8.87)
with
f ′D(y, z) =
1− 
2
(1− z)
(1−√κ)2y − κ
[
(1− κ)z + (1−√κ)2y]
[(1− κ)(1− z)− (1−√κ)2y]2
1
1− κ
−
[
(1− κ)2z − (1−√κ)2κy]
[(1− κ)(1− z)− (1−√κ)2y] (1−√κ)2y
1
1− κ. (8.88)
Subtraction of divergences
As for the decay of squark, the real matrix element squared factorises with the leading order
and a coefficient accounting for the soft and collinear divergences,
|Mr (pg˜, pq, pq˜i , pg) |2 → |M0(pg˜, p′q, p′q˜i)|2 ×D
(
pg · pg˜, pg · pq,m2g˜,m2q˜i
)
. (8.89)
Hence the coefficient of the counterterm reads
D
(
pg · pg˜, pg · pq,m2g˜,m2q˜i
)
=
16piαs
m2g˜
[
CF f
′
D(y, z) +Nc
(
fD(y, z)− 1
2
f ′12(y, z)
)]
, (8.90)
with all terms defined in the previous sections. The integrated dipole can also be found in the
previous sections. Concerning the kinematic, it is exactly the same as the one used for the squark
decay. One just need to modify the four momenta in the appropriate way for this decay.
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Chapter 9
Gluino decay with spin dependence
9.1 leading order settings and next-to-leading order settings
The considered decay is again,
g˜(p)→ q(p1) + q˜(q). (9.1)
But this time, the spin dependence will be kept explicit. As a reminder, the partial decay width
for the leading order process without keeping the spin dependence explicit is
Γ0 =
αs
8
mg˜(1− κ)2. (9.2)
For a complete analysis of supersymmetric particles, one has to take into account their spin.
Indeed for certain distributions, spin effects can account for substantial shape distortion. Thus it
is a useful information for distinguishing supersymmetric particles. This means that one should
now consider the spinor products
u(ka)u(ka) = ( /ka +m)
1 + γ5/S
2
, (9.3)
and for antiparticles
v(kb)v(kb) = ( /kb −m)1 + γ5
/S
2
, (9.4)
where k, m and S are the four momentum, the mass and the spin four-vector of the considered
particles. The matrix element of a gluino decaying into an outgoing right-handed quark and a
right-handed antisquark is
iMq˜∗R = ig3
√
2tau(p1)PLu(p). (9.5)
Averaging over the initial colour and summing over the final colour and spin, the matrix element
squared reads
∑
spin, colour
|Mq˜∗R |2 =
1
2
(2g23)Tr
[
/p1PL(/p+mg˜)
1 + γ5/S
2
PR
]
= g23 [(p1p)−mg˜(p1S)]
= 2αspi
[
m2g˜(1− κ)− 2mg˜(p1.S)
]
, (9.6)
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where S is the spin of the gluino and κ = m2q˜/m
2
g˜. The partial decay width of a gluino into a
“right-handed” squark and a quark in the rest frame of the gluino is
dΓq˜∗R =
1
2mg˜
dΦ(2)
∑
|M|2
=
1
2mg˜
g23
(2pi)2
1
4mg˜
∫
dΩ3dp
0
1|p01|δ
(
m2g˜ −m2q˜
2mg˜
− p01
)
[p1p−mg˜(p1S)]
=
αs
pi
1
8
1
m2g˜
[
m2g˜
4
(1− κ)24pi +mg˜
∫
dΩ3dp
0
1|p01|2δ
(
m2g˜ −m2q˜
2mg˜
− p01
)
−→ˆ
q · −→s
]
= Γ0
[
1 +
∫
d cos(θ)dφ
4pi
(
−→ˆ
q · −→s )
]
, (9.7)
where
−→ˆ
q is the normalised direction of the squark. Knowing that
−→ˆ
q ·−→s = cos(θ), when integrat-
ing over the whole phase space, one recovers the decay width when summing over the gluino
spin. In the same way, the partial decay width of a gluino decaying into an outgoing left-handed
quark and a left-handed antisquark is
dΓq˜∗L = Γ
0
[
1−
∫
d cos(θ)dφ
4pi
(
−→ˆ
q · −→s )
]
. (9.8)
For right-handed and left-handed squarks the partial decay widths read
dΓq˜R = Γ
0
[
1−
∫
d cos(θ)dφ
4pi
(
−→ˆ
q · −→s )
]
, (9.9)
and
dΓq˜L = Γ
0
[
1 +
∫
d cos(θ)dφ
4pi
(
−→ˆ
q · −→s )
]
. (9.10)
Note that the UV singularities are independent of the external spin state and the soft/collinear
singularities are cancelled in a universal way [170]. In particular for virtual corrections, the Born
contribution depending on the spin factorises. This means that
dσsB + dσ
s
V ∝ dΦ(2)
(|MsB|2 + 2Re [Ms∗BMsV ])
∝ dΦ(2)|MsB|2 (1 + C) , (9.11)
with C the universal virtual correction. The superscript s denotes the quantities depending
explicitly on the spin of the gluino and the subscripts B and V denote the Born and virtual
quantities respectively. As the virtual correction are not affected when not summing over the
spin of the gluino, one only needs to calculate the real corrections explicitly.
9.2 Real radiations
The real corrections with explicit spin dependence read
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|M3|2spin = −2g43Nc
Tr
[
(/p+mg˜)(1 + γ5/S)γ
µ(/p− /k +mg˜)PL /p1PR(/p− /k +mg˜)γµ
]
(−2p · k)2
= |M3|2 + 8g43Nc
−mg˜(k · S)(p · p1) +mg˜(k · p)(p1 · S) +mg˜(k · p1)(k · S)
2(k · p)2
− 8g43Nc
m3g˜(p1 · S)
2(k · p)2 , (9.12)
where |M3|2 is the matrix element square without taking into account the spin dependence. In
the same way,
2ReM1M∗3spin = 4g43
1
2
Nc
Tr
[
(/p+mg˜)(1 + γ5/S)PL( /p1 + /k)γ
µ /p1PR(/p− /k +mg˜)γµ
]
(2p · k)(2p1 · k)
= 2ReM1M∗3 + 8g42Nc
mg˜ (2(p · p1)(p1 · S))
4(k · p)(k · p1)
+ 8g42Nc
mg˜ ((k · S)(p · p1) + (k · p)(p1 · S)− 2(k · p1)((k · S) + (p1 · S)))
4(k · p)(k · p1) .
(9.13)
and
2ReM2M∗3spin =
8
2
g43Nc
1
(2p · k)(2q · k)Tr
[
(/p+mg˜)(1 + γ5/S)PL /p1PR(/p− /k +mg˜)/q
]
= 2ReM2M∗3
− 8g42Nc
mg˜ [−(k · S)(p1 · q) + (k · q)(p1 · S) + (k · p1)(q · S)− 2(p · q)(p1 · S)]
4(k · p)(k · q) .
(9.14)
The terms proportional to CF (also proportional to Nc) read,
|M1|2spin = 2g43CFTr
[
(/p+mg˜)(1 + γ5/S)PL( /p1 + /k)γ
ν
/p1γ
µ( /p1 + /k)Pr
] −gµν
(p1 + k)4
= |M1|2 − 8g43CF
(− 1)mg˜(k · S)
2(k · p1) , (9.15)
|M2|2spin = 2g43CFTr
[
(/p+mg˜)(1 + γ5/S)PL /p1PR
]
(2q)µ(2q)ν
−gµν
4(k · q)2
= |M2|2 − 8g43CF
m3g˜κ(p1 · S)
2(k · q)2 , (9.16)
and
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2ReM∗1M2spin = −8g43CF
Tr
[
(/p+mg˜)(1 + γ5/S)PL /p1/q( /p1 + /k)PR
]
4(q · k)(k · p1)
= 2ReM∗1M2
− 8g43CF
mg˜ [(k · S)(p1 · q) + (k · q)(p1 · S)− (k · p1)(q · S) + 2(p1 · q)(p1 · S)]
2(k · p1)(k · q) .
(9.17)
9.3 Subtraction of divergences
As explained previously, not summing over the spin of the gluino, does not modify the singular
structure of the matrix element. Thus the dipoles derived in the previous sections can be re-used.
Again, the factorisation of the leading order matrix element reads
|Msr (pg˜, pq, pq˜i , pg) |2 → |Msr(pg˜, p′q, p′q˜i)|2 ×D
(
pg · pg˜, pg · pq,m2g˜,m2q˜i
)
, (9.18)
where the superscript s refers to quantities depending on the spin. Hence the coefficient of the
counterterm reads as previously
D
(
pg · pg˜, pg · pq,m2g˜,m2q˜i
)
=
16piαs
m2g˜
[
CF f
′
D(y, z) +Nc
(
fD(y, z)− 1
2
f ′12(y, z)
)]
. (9.19)
All terms are similar to the one of the gluino decay without taking into account spin dependence.
Concerning the kinematic, it is exactly the same than the one used for the squark decay and the
gluino decay without spin.
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Part IV
Combining production and decay
processes
80
Chapter 10
Combining next-to-leading
order production and next-to-leading
order decay
This section refers to the pair production of squarks that further decay into a quark and a
neutralino. Both the production and decay process have been calculated at next-to-leading
order 1. It will be explained how to associate the production and the decay of such particles at
next-to-leading order .
10.1 The narrow-width approximation
The squared propagator of an unstable particle of mass M , decay width Γ and q momentum
reads
D(q2) =
1
(q2 −M2)2 + (MΓ) . (10.1)
In the limit Γ→ 0, it converges to [173]
D(q2) w Kδ
(
q2 −M2) , (10.2)
with
K =
pi
(ΓM)
=
∫ +∞
−∞
dq2D(q2), (10.3)
the integral of the Breit-Wigner formula [174] describing resonance of unstable particle [7]. This
is the narrow-width approximation [67]. This means in particular that the production process
factorises with the decay process for an unstable particle which is thus considered on-shell. The
production and decay process are thus independent. The total cross section for a process where
an unstable particle is produced and further decay reads
σtot = σprod ×BR, (10.4)
1The production process at next-to-leading order has been calculated by Eva Popenda [171] and Christian Hangst
[172].
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with BR = Γ/Γtot the branching ratio and Γtot the total decay width. The error on this approxi-
mation is of the order of O (Γ/M) [175, 176] meaning that radiative interferences are negligible
in the cases here studied. The rest of the calculation will be made within this approximation.
When considering the production of massive particles and their decay at leading order in the
limit of the narrow-width approximation, the procedure is straightforward. This is represented
graphically in Fig. 10.1. Indeed, one applies the formula to combine production and decay in
LO
LO
LO
q
q
q˜′
q
χ˜01
q˜
q
χ˜01
Figure 10.1: Graphical representation of the combination of leading order production and decay process.
the narrow-width approximation
dσi,jtot = dσBR(q˜ → i)BR(q˜′ → j)
= dσ0
dΓq˜→i0
Γq˜0
dΓq˜
′→j
0
Γq˜
′
0
, (10.5)
where i, j are the indices denoting the considered decay. The subscript 0 refers to the leading
order. Later the subscript 1 will refer to the next-to-leading order quantities. The symbols Γq˜0, Γ
q˜′
0
represent the total decay width of the squarks and dΓq˜→i0 , dΓ
q˜′→j
0 are the partial decay widths.
If one now consider the next-to-leading order corrections to the production and the next-
to-leading order corrections to the decays in supersymmetric-QCD, the situation becomes more
complicated. It is depicted in Fig. 10.2 where the red blobs represent a loop or a real radiation.
The formula now becomes
NLO
NLO
NLO
q
q
q˜′
q
χ˜01
q˜
q
χ˜01
Figure 10.2: Graphical representation of the combination of next-to-leading order production and decay process.
dσi,jtot = dσBR(q˜ → i)BR(q˜′ → j)
= (dσ0 + αsdσ1)
(dΓq˜→i0 + αsdΓ
q˜→i
1 )
(Γq˜0 + αsΓ
q˜
1)
(dΓq˜
′→j
0 + αsΓ
q˜′→j
1 )
(Γq˜
′
0 + αsΓ
q˜′
1 )
. (10.6)
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There is now an ambiguity in the way one should combine the production and the decay pro-
cesses. Three possible approaches will be presented. One thing to keep in mind is that when
summing over all possible decay channels, the total cross section σi,jtot should equal the produc-
tion cross section σ. Up to now, it is obvious that both formula respect the “unitarity of branching
ratio” i.e. when summing over the different decays,∑
i,j
σi,jtot = dσ. (10.7)
This should hold both at leading order and next-to-leading order.
10.2 Different approaches
The first approach has been used in the context of top quark production and decay [177, 178, 83]
and for squark-pair production and decay [145]. It consists in expanding the total width in
powers of αs and removing the terms of order O(α2s). This gives
σi,jtot =
1
Γq˜0Γ
q˜′
0
(
dσ0dΓ
q˜→i
0 dΓ
q˜′→j
0
(
1− αs
(
Γq˜1
Γq˜0
+
Γq˜
′
1
Γq˜
′
0
))
+αsdσ0
(
dΓq˜→i0 dΓ
q˜′→j
1 + dΓ
q˜′→j
0 dΓ
q˜→i
1
)
+αsdσ1
(
dΓq˜→i0 dΓ
q˜′→j
0
))
. (10.8)
This formula has the advantage that it does not mix different orders. This is strictly speaking
a next-to-leading order prediction. It has the other advantage of preserving the unitarity of
the branching ratio as defined in Eq. (10.7). The graphical description of the formula is thus
simplified and exemplified in Fig. 10.3.
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Figure 10.3: Graphical representation of the standard procedure for combining next-to-leading order production and
decay process.
A second approach which has been evoked in Refs. [84, 179] is to keep all terms in Eq. (10.6).
As pointed out previously, this formula also ensures the unitarity of the branching ratio. It has
the disadvantage to mix terms which are formally of the next-to-next-to-leading order (NNLO)
and next-to-next-to-next-to-leading order (NNNLO). Indeed one has to consider diagrams that
have up to 3 real radiations (in addition to the one already mentioned in Fig 10.3) as it is shown
on Fig. 10.4. Note that this relies on the fact that NNLO and NNNLO terms are actually small.
The only reason why one would consider this approach is if the next-to-leading order corrections
to the total decay width Γq˜1 and Γ
q˜′
1 are huge. This could lead to negative cross sections using
the formula of Eq. (10.8). This is an unacceptable value for a probability. Note finally, that
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Figure 10.4: Graphical representation of the procedure for combining next-to-leading order production and decay
process without neglecting any terms.
Scenario m1/2 m0 A0 tan(β)
sign
of µ
10.3.6∗ 550 GeV 825 GeV 0 GeV 10 +
Table 10.1: High scale parameters of the 10.3.6∗ scenario.
despite the fact that one includes certain NNLO and NNNLO terms, the non-factorisable terms
[175, 176] are not included in this formula.
Finally, one can also just truncate Eq. (10.6) in order to keep only next-to-leading or-
der terms. This translates into the following formula
dσi,jtot =
dσ0dΓ
q˜→i
0 dΓ
q˜′→j
0 + αsdσ0
(
dΓq˜→i1 dΓ
q˜′→j
0 + dΓ
q˜→i
0 dΓ
q˜′→j
1
)
+ αsdσ1dΓ
q˜→i
0 dΓ
q˜′→j
0
Γq˜0Γ
q˜′
0 + αs
(
Γq˜1Γ
q˜′
0 + Γ
q˜
0Γ
q˜′
1
) . (10.9)
Graphically, these are the same subset of corrections that should be included in the standard
approach, namely the one depicted on Fig. 10.3. This formula gives for the summation over all
possible decay channels,
∑
i,j
dσi,jtot = dσ −
α2sdσ1
(
Γq˜1Γ
q˜′
0 + Γ
q˜
0Γ
q˜′
1
)
Γq˜0Γ
q˜′
0 + αs
(
Γq˜1Γ
q˜′
0 + Γ
q˜
0Γ
q˜′
1
) . (10.10)
So the formula of Eq. (10.9) does not respect the unitarity of the branching ratios. Note that
in Eq. (10.10), the second term should be rather suppressed and thus the violation of the uni-
tarity of the branching ratio small. In the next section, we have studied these three different
approaches in one specific scenario2. The approaches studied are described by the formulae of
Eqs. (10.6), (10.8) and (10.9) and are name “full”, “standard formula” and “NLO truncation”
respectively.
10.3 Numerical results
The supersymmetric scenario chosen is the 10.3.6∗ cMSSM (constrained MSSM relying on unique
masses for fermion and boson at some high scale) scenario [180]. Its high scale parameters are
listed in Table 10.1. To obtained the mass spectrum displayed in Table 10.2, the spectrum gen-
erator SoftSUSY [181] have been used. Note that the masses of the superpartners of the charm
2Another scenario has been studied in Ref. [141]. The conclusions made here are similar for both scenarios.
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Masses mu˜L mu˜R md˜L md˜R mt˜1 mt˜2 mb˜1 mb˜2 mg˜ mχ˜01
[Gev] 1799.5 1760.2 1801.1 1756.4 1288.8 1605.8 1585.9 1.7456 1603.0 290.8
Table 10.2: Value of the masses for the 10.3.6∗ scenario.
10.3.6∗ u˜L u˜R d˜L u˜R
ΓLO [GeV] 22.79 6.561 22.78 3.610
ΓNLO [GeV] 23.44 7.413 23.45 4.553
Table 10.3: Total decay width for squarks at leading order and next-to-leading order for the 10.3.6∗ scenario.
and strange quark are degenerate with the one of the first generation. Finally, the total decay
widths have been obtained from the modified version of the computer program Sdecay [182].
They are displayed in Table 10.3. For the numerical evaluation, the standard model parameters
are
mZ = 91.1876 GeV, GF = 1.16637 · 10−5 GeV−2 αs(mZ) = 0.118,
mMSb (mb) = 4.25 GeV, mt = 174.3 GeV mτ = 1.777 GeV. (10.11)
The renormalisation and factorisation scale have been set to a common value, namely the av-
erage squarks masses. The parton distribution function used is CT10NLO [183] with αs(mZ) =
0.118 taken from the LHAPDF-package [184].
For this study we have imposed minimal cuts. Given we are studying the process pp→ q˜q˜ →
qqχ˜01χ˜
0
1 at next-to-leading order we require at least two jets. This means that the experimental
signature is 2j+ /ET+X as the neutralino are not detected and account for the transverse missing
energy /ET . Considering the treatment of jets,the computer program FastJet 3.0.3 [185, 186]
with the anti-kt algorithm has been used. The jet radius is R = 0.4. The only considered jets are
the one such that
pT > 20 GeV and |η| < 2.8, (10.12)
with η the pseudorapidity of the considered jet. On Table 10.4, the total cross section with
and without cuts is presented. When considering cuts or not, the hierarchy for the values of
the cross section is the same between the different formulas. Note that these cuts are minimal
as there is less than a percent difference between the total cross section and the integrated
cross section with cuts. The results obtained from the different formulae differ by up to 6%.
The effect of the different approaches is thus negligible at the cross section level. Turning to
the study of the distributions displayed in Fig. 10.5, the same conclusion holds. Indeed, apart
from regions where both distributions (transverse momentum of the hardest jet and transverse
missing energy) are suppressed, in general they agree well. In particular in the bulk of the
Cross section [fb] Total After cuts
Standard formula 1.16173 1.17164
NLO truncation 1.12375 1.12178
Full 1.09076 1.08037
Table 10.4: Total cross section with and without cuts.
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distributions, the different approaches do not differ by more than 10%. This means that a further
investigation of this effect is not necessarily needed. Especially, when considering parton shower
the inclusion of triple real radiations is challenging with standard tools such as the POWHEG
Box [142–144]. Considering that the NLO truncation approach violate the unitarity of branching
ratio, the best solution is thus to use the standard approach. Note that we have not considered
extreme scenarios where the corrections to the total decay width at next-to-leading order are
big (see Table 10.3). In this case, the difference between the formulae could be numerically
more important.
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Figure 10.5: Distributions of transverse momentum for the hardest (pT1) and the missing transverse energy (pTmiss)
and the pseudorapidity of the hardest jet.
86
Chapter 11
Combining production and decay
keeping spin information
This section is devoted to the production at leading order of a squark-gluino pair. The squark
then decays into a quark and a neutralino. The gluino decays into a quark and a squark which
will also further decay into a quark and a neutralino. All decay processes have been calculated at
next-to-leading order. The new features of this calculation is that one further decay is introduced
and that there is spin correlation between the production and the decay through the spin-1/2
gluino. The process is graphically represented in Fig.11.1.
LO
LO/NLO
LO/NLO
LO/NLO
g
q
q˜′
q
χ˜01
g˜
q˜
q
q
χ˜01
Figure 11.1: Squark-gluino production at leading order supplemented by their decays at next-to-leading order .
11.1 Formalism
Considering a fermionic particle (spin 1/2) with four-momentum pµ = (E,−→p ) and mass m, the
spin four-vector in the centre-of-mass system (CMS frame) [187] is
sµ = λ
1
m
(|−→p |, E−→ˆp ), (11.1)
with λ = ±1 being the helicity of the considered particle and −→ˆp the normalised three vector
i.e. the direction of the particle. For an arbitrary spin (defined in the rest frame of the particle
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considered), the spin four-vector in the CMS frame is [170, 188]
sµ =
(−→p · −→s
m
,−→s +
−→p (−→p · −→s )
m (E +m)
)
. (11.2)
This is equivalent to Eq. (11.1) if one takes
−→s = −→ˆp . (11.3)
The spin four vector is defined in the rest frame of the considered particle as
sµ = (0,−→s ) . (11.4)
By definition, the spin four-vector fulfils the following properties:
s · p = 0,
s · s = −1. (11.5)
As mentioned previously, the helicity projection operators are
u(p, λ)u(p, λ) =
1
2
(1 + γ5/s)(/p+m),
v(p, λ)v(p, λ) =
1
2
(1 + γ5/s)(/p−m). (11.6)
Moreover, the projection operator for two component spinors s˜ is [189, 190]
P (s˜) =
Id+ σ · s˜
2
, (11.7)
with σi the Pauli matrices.
If one considers the matrixMλ (Nλ respectively) to be the matrix element of the production
(decay respectively) process, the density matrix element in the helicity basis can be defined as
Rλλ′ =
∑
MλM∗λ′ ,
ρλλ′ =
∑
NλN ∗λ′ . (11.8)
The sum is here understood as averaging over the initial spins and summing over the final
spins of all particles except the one whose spin is considered. Thus for a given helicity state λ
the matrix element squared of the process (production and decay combined in the limit of the
narrow width approximation) is∑
|Mtotal|2 = Tr (Rρ) = Rλλ′ρλ′λ, (11.9)
where the sum over λ′ follows the Einstein convention for summation. In the SU(2) spin basis,
the production matrix reads [170]
Rλλ′ = Aδλλ′ +Biσ
i
λλ′ . (11.10)
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Then, in the gluino rest frame,
|Mprod|2 = Tr [P (s˜)R]
=
1
2
(1 + σ · s˜)λλ′Rλ′λ
= A+Bis
i, (11.11)
with i = 1..3. In the same way, the density matrix for the decay reads
ρλλ′ = dδλλ′ + cpiσ
i, (11.12)
where p is in general a combination of external four-momenta. The scalar quantity c is the so-
called spin analysing power. In particular, in the rest frame of the gluino, the matrix element
squared of the decay process is
|Mdec|2 = Tr [P (s˜)ρ]
=
1
2
(1 + σ · s˜)λλ′ ρλ′λ
= d+ cpisi. (11.13)
From Eq. (11.9), one thus obtains∑
|Mtotal|2 = 2
(
Ad+ cpiBi
)
. (11.14)
For a numerical calculation one needs to extract the coefficients A, d, c, pi, Bi from the matrix
element squared of the production or decay process respectively. This can be done by evaluating
several times the matrix element with different configuration of spin four momenta. For exam-
ple, to obtain the spin independent part of the matrix element, one can just evaluate it in the
limit of zero spin four vector. This can be done in a similar fashion for all coefficients of the spin
dependent part.
11.2 Master formula
From the previous sections, the total differential cross section reads
dσtot = dσBR(g˜)BR(q˜)BR(q˜
′)
=
1
Γg˜0Γ
q˜′
0 Γ
q˜
0
(
dσ0dΓ
g˜
0dΓ
q˜′
0 dΓ
q˜
0
(
1− αs
(
Γq˜1
Γq˜0
+
Γq˜
′
1
Γq˜
′
0
+
Γg˜1
Γg˜0
))
+αsdσ0
(
dσ0dΓ
g˜
1dΓ
q˜′
0 dΓ
q˜
0 + dσ0dΓ
g˜
0dΓ
q˜′
1 dΓ
q˜
0 + dσ0dΓ
g˜
0dΓ
q˜′
0 dΓ
q˜
1
)
+αsdσ1
(
dσ0dΓ
g˜
0dΓ
q˜′
0 dΓ
q˜
0
))
. (11.15)
Note that the prime associated with q˜′ always denotes the second squark originating from the
gluino decay. This can be rewritten in a more appropriate form for numerical integration as1
1Note that the term αsdσ1dσ0dΓg˜0dΓ
q˜′
0 dΓ
q˜
0 corresponding to the next-to-leading order corrections to the produc-
tion has not been taken into account for the numerical evaluation.
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dσtot =
1
Γg˜0Γ
q˜′
0 Γ
q˜
0
(
ΩdφP2 dφ
g˜
2dφ
q˜
2dφ
q˜′
2 + Ξdφ
P
2 dφ
g˜
3dφ
q˜
2dφ
q˜′
2 + Θdφ
P
2 dφ
g˜
2dφ
q˜
3dφ
q˜′
2 + ∆dφ
P
2 dφ
g˜
2dφ
q˜
2dφ
q˜′
3
)
,
(11.16)
with the φ terms denoting the multiplicity (2 or 3) of the phase space associated with the
production (P ) or decay process of the gluino (g˜), squarks (q˜, q˜′) respectively. Note that the
flux factors are absorbed in the dφ terms. The first coefficient is
Ω = 2 (AdLO + cLOpLO ·B)×
[
|Mq˜B|2|Mq˜
′
B|2
(
1 + αs
(
Γq˜1
Γq˜0
+
Γq˜
′
1
Γq˜
′
0
+
Γg˜1
Γg˜0
))
+ αs|Mq˜
′
B|2
(
|Mq˜CT |2 + |Mq˜vir|2
)
+ αs|Mq˜B|2
(
|Mq˜′CT |2 + |Mq˜
′
vir|2
)]
+ αs2
(
Ad2ˆNLO + c
2ˆ
NLOp
2ˆ
NLO ·B
)
|Mq˜B|2|Mq˜
′
B|2, (11.17)
where the upper indices for the matrix elements squared follow the convention previously in-
troduced. Concerning the lower indices, B, CT , vir and real, they denote the matrix elements
squared associated with the Born contribution, the counter term (integrated or not depending
on the multiplicity of the phase space), the virtual corrections and the real corrections respec-
tively. The coefficients A and Bi are the one of Eq. (11.11) for the production process at leading
order. The other coefficients read
dLO = |Ms=00 |2,
cLOpLO · s = |Msn0 |2,
d2ˆNLO = |Mvir|2,
c2ˆNLOp
2ˆ
NLO · s = |Msnvir|2, (11.18)
where “s = 0” denotes the matrix element part which is independent of the spin while “sn”
denotes the part which is only proportional to the spin four-vector. The second coefficient reads
Ξ = αs2
(
Ad3ˆNLO + c
3ˆ
NLOp
3ˆ
NLO ·B
)
|MqB|2|Mq
′
B|2, (11.19)
where the coefficients are defined as
d3ˆNLO = |Ms=0real|2 − |Ms=0CT |2,
c3ˆNLOp
3ˆ
NLO · s = |Msnreal|2 − |MsnCT |2. (11.20)
The third term is
Θ = αs2 (AdLO + cLOpLO ·B)
[|Mqreal|2 − |MqCT |2] |Mq′B|2. (11.21)
The last term is identical to the previous one by exchanging the two squarks,
∆ = αs2 (AdLO + cLOpLO ·B)
[
|Mq′real|2 − |Mq
′
CT |2
]
|MqB|2. (11.22)
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m1/2 m0 A0 tan(β)
sign
of µ
700 GeV 175 GeV 0 GeV 10 +
Table 11.1: High scale parameters of the second scenario.
Masses mu˜L mu˜R md˜L md˜R mt˜1 mt˜2 mb˜1 mb˜2 mg˜ mχ˜01
[Gev] 1437.7 1376.9 1439.7 1376.9 1114.0 1355.8 1320.6 1371.6 1568.6 291.3
Table 11.2: Value of the masses of the second scenario.
11.3 Numerical results
In this section the numerical results are presented. In particular, the impact of next-to-leading
order supersymmetric-QCD corrections, spin correlation and minimal cuts is inferred. The sce-
nario studied here is a cMSSM scenario [180] with gluinos heavier than the squarks (denoted
“second scenario” in the following). The high scale and low scale parameters of the scenario as
well as the total decay widths are presented in Tables 11.1, 11.2 and 11.3.
Higher order effect
The effect of the next-to-leading order corrections of the decays is rather moderate as it can be
see from Table 11.4. The corrections in the decay processes amount for less than a percent.
Nonetheless the effect on the distribution can be sizeable as it can be seen in Fig. 11.2. In par-
ticular the shape distortion between the leading order and the next-to-leading order processes
has an amplitude of 20% to 40% depending on the observables.
Spin effects
To assess spin effects, we have chosen two channels namely d˜Ru˜L and u˜Ru˜∗R where the second
squark is the one originating from the decay of the gluino. The star denotes antisquark. Looking
at Eqs. (11.17),(11.19),(11.21),(11.22) one can see that the sign in front of the spin dependant
part can have four distinct origins. First, the sign varies if it is a “left” or a “right” squark which
is produced as the production cross section depend on this (see section 6). The sign can also
originate from the nature of the squark coming from the gluino decay. In particular, the sign
of the spin dependent part in the decay matrix depends on the choice q˜/q˜∗ and q˜R/q˜L (see
section 9.1). Finally if antiquarks are also considered in the initial state, this also amounts to
a change of sign with respect to a process with quarks in the initial state. Experimentally, one
could distinguish from left to right and squark. Indeed the left squark can be tagged through
the observation of its leptonic decays into χ˜±l and χ˜
0
k as the right squark decays only into χ˜
0
1
[191]. Thus inferring spin effects can help distinguishing left from right squarks. As left and
Scenario 2 u˜L u˜R d˜L u˜R
ΓLO [GeV] 13.14 2.854 13.06 0.7101
ΓNLO [GeV] 12.84 2.792 12.76 0.6950
Table 11.3: Total decay width for squarks at leading order and next-to-leading order for the second scenario.
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Leading order [fb] Next-to-leading [fb]
7.738 7.755
Table 11.4: Total cross section for squark-gluino production and decays at leading order and next-to-leading order
(for the decays only).
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Figure 11.2: Distributions for the transverse momentum for the hardest (pT1) and third hardest jet (pT3) for all
channels at leading order (LO) and next-to-leading order (NLO).
right squarks can have non-degenerate masses, this can account for an effect of the same order
of the spin effect. In order to infer the effects of the spin only, we will focus our discussion on the
comparison squark/antisquark originating from the gluino decay. Experimentally, they cannot
be distinguished but they have identical masses and enable us to infer the spin effects only. This
study constitutes a proof of principle for the observation of spin effects.
From Fig. 11.3, one can see that for the distribution of the transverse momentum of the
hardest jet, the difference between the calculation with spin correlation and without is negligible
while for the third hardest jet it is not. This originates from the fact that the scenario chosen has
gluino and squarks masses that differ only by 186 GeV while the lightest neutralino has a mass
1091 GeV lighter than the squark masses. Thus the jet to probe to infer spin effects (the one
originating from the gluino decay) is the softest jet. It is thus natural that only this observable
(or one related to it) is relevant for assessing the spin effect in this scenario. The change of sign
can only be observed by comparing the channels q˜iq˜j and q˜iq˜∗j . This is done for two particular
sets of squarks in Fig. 11.4. To quantify this, one can look at the quantity ∆pT3/〈pT3〉 where
∆pT3 = |〈pT3q˜iq˜j 〉 − 〈pT3q˜iq˜∗j 〉| and 〈pT3〉 =
(
〈pT3q˜iq˜j 〉+ 〈pT3q˜iq˜∗j 〉
)
/2. The numerical results
for this two channels at leading order and next-to-leading order are shown in Table 11.5. In
particular next-to-leading order corrections enhance this quantity by up to 50%. This order of
magnitude of spin effect is confirmed by previous studies [166, 192] made at leading order.
Impact of cuts
To infer the impact of cuts, we have applied minimal cuts. Three jets are required with a trans-
verse momentum larger than 20 GeV and a pseudorapidity smaller than 2.8. As for the previous
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Figure 11.3: Distributions of the transverse momentum for the hardest (pT1) and third hardest jet (pT3) for two
channels (upper row d˜Ru˜L and lower row u˜Ru˜∗R). The lower panel is the ratio between the leading order and the
next-to-leading order distribution when taking into account the spin or not.
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Figure 11.4: Distributions of the transverse momentum of the third hardest jet (pT3) for two channels (left plot d˜Ru˜L
and d˜Ru˜∗L and right plot u˜Ru˜R and u˜Ru˜
∗
R). The lower panel is the ratio between the channels d˜Ru˜L and d˜Ru˜
∗
L or
u˜Ru˜R and u˜Ru˜∗R at leading order and next-to-leading order.
section, the cross section is almost identical when including next-to-leading order corrections
(see Table 11.6). The distributions are still distorted by the inclusion of further radiations (see
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Channels Leading order [%] Next-to-leading [%]
d˜Ru˜L/d˜Ru˜∗L 6.458 9.467
u˜Ru˜R/u˜Ru˜∗R 6.947 11.92
Table 11.5: Values for ∆pT3/〈pT3〉 for the channels d˜Ru˜L/d˜Ru˜∗L and u˜Ru˜R/u˜Ru˜∗R.
Fig. 11.5). As expected, the transverse momentum of the third hardest jet is still the most suit-
able observable to infer spin correlation. But imposing cuts seems not to have any influence on
the quality of the discrimination as it can be inferred from Fig. 11.6 and Table 11.7. The driving
force of the discrimination being still the inclusion of next-to-leading order corrections.
Leading order [fb] Next-to-leading [fb]
6.967 7.504
Table 11.6: Total cross section for squark-gluino production and decays at leading order and next-to-leading order
(for the decays only) with cuts.
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Figure 11.5: Distributions of the transverse momentum for the hardest (pT1) and third hardest jet (pT3) for all
channels with cuts.
Channels Leading order [%] Next-to-leading [%]
d˜Ru˜L/d˜Ru˜∗L 6.601 9.411
u˜Ru˜R/u˜Ru˜∗R 7.137 12.147
Table 11.7: Values for ∆pT3/〈pT3〉 for the channels d˜Ru˜L/d˜Ru˜∗L and u˜Ru˜R/u˜Ru˜∗R with cuts.
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Figure 11.6: Distributions of the transverse momentum of the third hardest jet (pT3) for for the channels d˜Ru˜L
/d˜Ru˜∗L and u˜Ru˜R /u˜Ru˜
∗
R with cuts.
Influence of the scenario
As it has been argued previously, the fact that the third hardest jet is an appropriate observable
to infer the spin correlation is highly dependant on the scenario. Indeed the fact that the jet to
probe is the third hardest jet is due to the mass spectra. By varying the mass of the neutralino
and of the gluino, one can thus observe how the observable is contaminated by other jets. To
that end we have computed distributions for the d˜Ru˜L /d˜Ru˜∗L channels varying the mass of the
neutralino and gluino at next-to-leading order accuracy for the decays and without applying
cuts. In Fig. 11.7, it is manifest that when increasing the mass of the gluino, the transverse
momentum of the third hardest jet ceases to be an appropriate observable while the one of the
hardest jet becomes relevant. This is borne out by the Table 11.8. This originates from the fact
that the jet to probe is becoming harder and harder with increasing gluino mass until it becomes
the hardest jet of the spectrum.
mg˜ [GeV] 1600 1800 2000 2200 2500
∆pT1/〈pT1〉 [%] 0.725 1.652 1.783 0.811 1.806
∆pT3/〈pT3〉 [%] 10.79 12.65 10.96 8.036 3.888
Table 11.8: Values for ∆pT1/〈pT1〉 and ∆pT3/〈pT3〉 for the channel d˜Ru˜L/d˜Ru˜∗L with gluino mass varying from 1500
GeV to 2500 GeV.
In the previous example, increasing the gluino mass had the effect of modifying the hierarchy
of the jets and uncompressing the spectra. When increasing the neutralino mass, the spectra is
getting compressed. Figure 11.8 shows that for low neutralino mass (original scenario), only the
third hardest jet is an appropriate observable. For high neutralino mass, none of the observable
is useful. Indeed when all jets are soft and of the same order of magnitude (due to compressed
spectra) then the discrimination due to spin effect is extremely difficult (see Table 11.9). Thus
inferring the spin effect is possible when there is a clear hierarchy between the jets and when
the jet to probe is not too soft (in particular adding parton shower could wash out the spin
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Figure 11.7: Distributions of the transverse momentum of the hardest and third hardest jet for the channel d˜Ru˜L
/d˜Ru˜∗L with a gluino mass of 1600 GeV and 2500 GeV.
effects). On the contrary for compressed spectra, the jets have all the same order of magnitude
and are all soft, making the discrimination between the jets and the investigation of the spin
effect extremely challenging.
m
χ˜01
[GeV] 300 600 800 1000 1200
∆pT1/〈pT1〉 [%] 0.623 0.608 0.530 0.468 0.282
∆pT3/〈pT3〉 [%] 9.640 10.17 10.69 10.94 8.617
Table 11.9: Values for ∆pT1/〈pT1〉 and ∆pT3/〈pT3〉 for the channel d˜Ru˜L/d˜Ru˜∗L with neutralino mass varying from
300 GeV to 1200 GeV.
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Figure 11.8: Distributions of the transverse momentum of the hardest and third hardest jet for the channel d˜Ru˜L
/d˜Ru˜∗L with a neutralino mass of 300 GeV and 1200 GeV.
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Chapter 12
Motivations
The dark matter enigma is one of the fundamental problems in particle physics and there are
three complementary experimental ways of detecting it. The first one is direct detection, where
one aims at detecting the recoil energy due to the interaction of DM particles with ordinary mat-
ter, namely scattering off atomic nuclei or electrons. In order to detect only dark matter, these
experiments are buried deep underground such that they are shielded from standard model cos-
mic rays or nuclear radiations. The second type of experiments is indirect detection. There,
dark matter particles annihilate into photons, neutrinos or charged particles. These products
are then propagated through the galaxy down to earth where they can be detected by ground
base experiments or satellites1. Finally, dark matter particles can be produced at colliders such
as the LHC. Since dark matter is believed to be weakly interacting, the typical signature would
be mono radiation (jet, photon etc.) originating from the incoming partons and missing energy.
Electroweak radiations are important [194] for indirect dark matter detection. Indeed, de-
spite the fact that electroweak corrections are generally small, they account for the radiation
of electroweak gauge bosons. These gauge bosons can further decay into the whole spectra
of standard model cosmic rays. Moreover, their decay products can also modify the primary
spectra. For example if dark matter particles annihilate into pairs of electron-positron (pri-
mary flux), electroweak gauge bosons can also decay into electron and positron (secondary
flux). The secondary flux originating from electroweak corrections is thus modifying the to-
tal flux of electron-positron. The situation is depicted in Fig. 12.1 (taken from Ref. [195]).
Nonetheless calculating electroweak corrections is a tedious task for each specific model. Thus
including electroweak corrections in a model independent way is highly desirable. This is done
by the implementation of the improved splitting functions [194] (in certain limits discussed
in the following). Before using this approach to set limits on dark matter annihilation cross
section, it is important to check if this model independent approach is satisfactory, for what
models and over what range of parameters. To that end we have performed the calculations of
DM + DM → e+ + e− + Z in concrete models namely a supersymmetric model and an univer-
sal extra dimension model. These calculations have then been compared to the fragmentation
function approach [195].
1An interesting review on indirect and direct detection is Ref. [193].
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Figure 12.1: Generic annihilation process of DM into an electron-positron pair plus Z radiation, with Z decay,
fragmentation and hadronisation.
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Chapter 13
Fragmentation functions
Introduction
The emission of electroweak gauge bosons is important for dark matter annihilation processes.
In particular, their soft emission is enhanced by terms ∝ log (M2DM/M2EW) with MDM the dark
matter mass and MEW the mass of the electroweak boson. These terms can actually be repro-
duced in a model independent way using splitting functions. The splitting functions used here
are similar to the one of QED and QCD [67]. In particular they also respect evolution equation.
The main feature of improved splitting functions derived in Ref. [194] is that they respect the
kinematic boundaries of the process. For the study of dark matter annihilation, the initial state
are highly non-relativistic. Thus only the soft electroweak radiations generated from the final
state are log enhanced. Moreover the radiations from intermediate states are model depen-
dent and are suppressed when increasing the dark matter mass. This is the region of validity of
our study as the log enhanced terms will be more and more dominant as the mass of the dark
matter particle increases. It is thus justified to focus only on final state corrections.
For dark matter indirect detection, the energy spectrum of the final states is a key observable.
It is usually denoted by dN/dx and the parameter x is defined as x = 2E/
√
s. The energy of
the considered particle is E and
√
s = 2MDM/
√
1− vcm. Here, vcm is the centre of mass velocity
of the annihilating particle (vcm = vrel/2). This leads to approximately have x ' E/MDM as the
velocity is small (customary values are around vcm = 10−3 − 10−5). Within the framework of
improved splitting functions, if the dark matter particle annihilate into a standard model particle
f , the energy spectrum of the particle f follows the evolution equation [194]
dNI→f
d lnx
(MDM, x) =
∑
J
∫ 1
x
dz DEWI→J(z)
dNJ→f
d lnx
(zMDM,
x
z
), (13.1)
where I and J represent the pairs of particles which are produced at the tree level. From this
pair of particles (here electron/positron), other particles will be radiated (Z boson in the present
case). The fragmentation functions are the functions DEWI→J(z). They account for the probability
that a particle I becomes a particle J , with a fraction z of the energy of the emitting particle. By
definition, at the lowest order the fragmentation function reads DEWI→J(z) = δIJδ(1− z).
In our computation, electron-positron pair are produced through the annihilation of dark
matter particles, thus only the splitting functions of a massless fermion (F) which splits into a
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massless fermion and a massive vector (V) are needed. They read
PF→F =
1 + x2
1− x L(1− x), (13.2a)
PF→V =
1 + (1− x)2
x
L(x), (13.2b)
with
L(x) = ln
sx2
4m2Z
+ 2 ln
(
1 +
√
1− 4m
2
Z
sx2
)
. (13.3)
Note the particular structure of the function Lwhich vanishes for values of x inferior to 2MEW/
√
s
(kinematic limit). The fragmentation functions used are thus
DF→F =
α2
2pi cos2 θw
g2fPF→F , (13.4a)
DF→V =
α2
2pi cos2 θw
g2fPF→V , (13.4b)
where mZ is the mass of the emitted Z boson, α2 the electroweak coupling and θw the weak
angle. The constant gf = T
f
3 − sin2 θwQf , where T f3 and Qf are the isospin and the charge of
the fermion. Using this approach, the differential cross section for any process encompassed in
Fig. 12.1 is
dσ(DM DM→e+e−Z)
dx
= 2
(
σ(DM DM→e+Le−L )DeL→eL + σ(DM DM→e+Re−R)DeR→eR
)
. (13.5)
Note that this formalism differentiates the left and right fermions as they do not couple the same
way to the Z boson.
Parametrisation of the splitting functions
To equation (13.5), one has to add the implementation of the kinematic. Indeed as a parton
shower is used afterwards, one needs to provide momenta. They have been obtained with the
following parametrisation and corrected such that the events obtained reproduce the fragmenta-
tion functions distributions As this formalism is supposed to reproduce the emission of soft gauge
boson, the Sudakov parametrisation [194] is appropriate. To denote the four-momentum, we
have used the same convention as in Fig. 12.1. In the center of mass frame, the initial state
reads
Sµ = (2E, 0, 0, 0) , (13.6)
where E = MDM/
√
1− v2cm. The momentum of the electron that radiates the Z boson with a
fraction of energy x can be written as
p1 =
(
E
(
x+
k2t
4E2x
)
,−kt, 0, E
(
x− k
2
t
4E2x
))
, with kt  E, (13.7)
Thus the four-momentum of the emitted Z boson is
kZ =
(
E
(
(1− x) + k
2
t +m
2
Z
4E2(1− x)
)
, kt, 0, E
(
(1− x)− k
2
t +m
2
Z
4E2(1− x)
))
. (13.8)
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Finally, to ensure the conservation of four-momenta, the momentum of the second electron takes
the form
p2 = (E (1−R(kt, 1− x)) , 0, 0,−E (1−R(kt, 1− x))) , (13.9)
with
R(x, kt) =
k2t
4E2x
+
k2t +m
2
Z
4E2(1− x) . (13.10)
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Chapter 14
Studied models
To check the reliability of the fragmentation functions, we have compared it to the full calcula-
tion for two dark matter models where the dark matter is annihilating into an electron-positron
pair and a Z bosons. By comparison it is here meant the comparison of the Z energy spectra at
the annihilation point and the spectra of the final state particles after parton shower and propa-
gation through the galaxy. The first model considered is a simplified version of the Minimal Su-
persymmetric Standard Model where two neutralinos annihilate into a pair of electron-positron.
The second model is a simplified version of the Universal Extra Dimension (UED) Model where
two Kaluza-Klein photons annihilate in the same final state than before. For these two models,
we have calculated the full 2→ 3 annihilation process. In this calculation, the emitted Z boson
can come from the electron-positron pair of the intermediate state. For the supersymmetric case,
the matrix element has been obtained from the combination of the computer programs FeynArts
- FormCalc [164, 165, 158]. The matrix element of the UED calculation has been obtained
from the computer program CalcHep [196, 197]. These has been checked against MadGraph
5 [198]. In this context, the computed quantity is the thermal averaged cross section, which can
be expanded in the dark matter velocity as [199]
〈σvcm〉 = a+ bv2cm +O(v4cm). (14.1)
Keeping only the first term of the expansion is similar to compute 〈σvcm〉 in the limit v → 0.
14.1 Supersymmetric model
The MSSM calculation is the annihilation of neutralinos (χ˜0) into an electron-positron pair,
χ˜0 + χ˜0 → e+ + e−. In order to have an annihilation occurring only via the -u and -t channel,
one considers only pure bino particle. For the sake of simplicity, it has also been assumed that
there are no neutralinos and selectrons mixing. In this case, the vertices [200, 41] can be written
as −ie√2 12 cos θwPL for the “left” selectron and ie
√
2 1cos θwPR for the “right” selectron. In order to
simplify the interpretation of our results, we have considered the case of selectrons degenerated
in mass. For the 2 → 2 process, in Fig. 14.1 the Feynman diagrams are displayed. For squarks
masses different from the dark matter masses, in the limit v → 0 i.e. only retaining the first
coefficient in Eq. (14.1), the thermal averaged cross section is [201]
〈vcmσ〉 =
α2 25pim2e
√
−m2e +M2DM
16MDM cos4 θw
(
m2e˜ −m2e +M2DM
)2 , (14.2)
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Figure 14.1: Lowest order contributions to neutralino annihilation into an electron-positron pair.
where α is the QED coupling, me and me˜ are the mass of the electron and of the selectrons
respectively. For the rest of the study we have set me˜ = MDM in order to simplify the inter-
pretation of the results. In the case of zero energy electron/positron, it leads to an on-shell
intermediate particle. Thus in this setting, the fragmentation functions approach is less likely
to reproduce the full calculation. Noteworthy, in the limit of vanishing electron mass, the cross
section in Eq. (14.2) vanishes. This is due to helicity suppression [202, 203] and more precisely
to the Majorana nature of the neutralino.
Given that the radiated particle is a massive gauge boson, there are neither soft or collinear
divergences. It is then not mandatory to compute the virtual corrections. Thus the 2 → 3 tree-
level process have been computed. In the case of the annihilation of Majorana dark matter
particles, the 2 → 2 cross section is lifted only if the Z bosons are emitted both form the
intermediate and final particles [204]. Given that the splitting function approach is designed to
reproduce only the radiations from final state particles, it is expected that in the present model,
this approach will break down. For completeness, we have here reproduced the computation of
the 2→ 3 process when considering only left-handed electron in the final state:
dNZ
dx
=
(1− x)
(2− x)2
[
(1− x)
(2− x) ln (1− x) + x
(1− x)2 + 1
4 (1− x)
]
, (14.3)
where (1 − x) is the energy fraction of the emitted Z boson. This is to be compared with the
Eqs. (13.2), (13.4) and (13.5). From this it can be seen that the splitting function and the full
calculation do not have the same behaviour.
14.2 Universal Extra Dimension model
In UED, the process is B(1) + B(1) → e+ + e−, where the dark matter particle B(1) is the first
Kaluza-Klein excitation of the photon. For this process, the relevant Feynman diagrams are
shown in Fig. 14.2. In this case, the cross section for the 2→ 2 process [205, 206] is
B(1)
B(1)
e
(1)
R
e−
e+
B(1)
B(1)
e
(1)
R
e−
e+
B(1)
B(1)
e
(1)
L
e−
e+
B(1)
B(1)
e
(1)
L
e−
e+
Figure 14.2: Lowest order contributions to Kaluza-Klein photon annihilation into an electron-positron pair.
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σ
(
B(1)B(1) → e+e−
)
=
α2pi2
cos4 θw
(
g4L + g
4
R
)
72pis2β2
(
10
(
2M2DM + s
)
arctanh(β)− 7sβ) , (14.4)
with gL/R = g1YL/R and β =
√
1− 4M2DMs . For the left and right electron, the hypercharges are
YL = −1 and YR = −2 respectively. In this calculation, the spontaneous symmetry breaking has
been ignored and all Kaluza-Klein particles have degenerate mass MDM. In this case, one sees
in Eq. (14.4) that the cross section is not vanishing in the limit of vanishing electron mass. This
model is free of suppressions.
This model is thus better suited to apply the fragmentation function approach. This can be
seen from the 2→ 3 cross section obtained using the same method as in Ref. [204]. In this case,
we have only consider the annihilation into a pair of left handed electron-positron pair which
radiates a Z boson. In the centre of mass of the incoming particles, after integrating the angles,
the differential cross-section reads
vdσ =
|M|2
256pi3
dx1dx2, (14.5)
where |M|2 is the matrix element squared. The parameters x1 and x2 describe the energies of
the final state particles. More specifically they are defined as
k0 = (1− x2)
√
s/2, (14.6)
p01 = x1
√
s/2, (14.7)
p02 = (1− x1 + x2)
√
s/2, (14.8)
where the the Z boson, the positron and the electron are described by the four momenta k, p1
and p2 respectively. The parameters x1 and x2 are defined in the range
x− ≤ x1 ≤ x+, (14.9)
and
− m
2
Z
s
≤ x2 ≤ 1− 2mZ√
s
, (14.10)
with
x± =
1 + x2
2
±
√
(1− x2)2
4
− m
2
Z
s
. (14.11)
After integration of the parameter x1, the expansion in the velocity vcm gives
d〈σv〉
dx2
=
α
2304M2DMpi
2
(1− 2 sin2 θw)2
sin2 θw cos2 θw
|gL|4F (x2), (14.12)
where. gL = YLg1. The newly introduced function F is defined as
F (x2) =
(
A log
(
x+
x−
)
+B + C ln
(
x+ − 2
x− − 2
))
, (14.13)
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where x± = 1− x2 ±
√
(1− x2)2 −m2Z/M2DM. The coefficients A, B and C read in this case
A = − 1
8M6DM
1
x2(x2 − 1)
(
m6Z +M
2
DMm
4
Z(4 + 5x2)
+4M4DMm
2
Z(1 + 3x2 + 2x
2
2) + 8M
6
DM(x2 + x
3
2)
)
,
B = −
√
(1− x2)2 − m
2
Z
M2DM
+
1
16M6DM
1
(1 + x2)2
√
(1− x2)2 − m
2
Z
M2DM
1
x2 +
m2Z
4M2DM
(
2m6Z
+2M2DMm
4
Z(2 + 9x2) + 12M
6
DMx2(5 + 8x2 + 5x
2
2) + 5M
4
DMm
2
Z(3 + 8x2 + 11x
2
2)
)
,
C =
1
8M6DM
(
M2DMm
4
Z(4 + 9x2 − 4x22 + 5x32) + 8M6DMx2(1 + 4x2 + 9x22 + 4x32 + x42)
+m6Z(1 + x
2
2) +M
4
DMm
2
Z(4 + 25x2 + 36x
2
2 − 7x32 + 8x42)
) 1
x2(1 + x2)3
. (14.14)
Expanding in vcm the Born cross section given in Eq. (14.4) at zeroth order, gives
〈σv〉Born = |gL|
4
576M2DMpi
. (14.15)
Using Eq. (14.12), the Born cross section can be factorised as
d〈σv〉
dx2
= 2〈σv〉Born α
2pi
g2f
sin2 θw cos2 θw
F (x2). (14.16)
This can be confronted to Eq. (13.5) where the two forms agree in the limit of increasing dark
matter mass. This means that the log terms become the principal contribution of the cross
section. This is due to the soft emissions of Z bosons. The fragmentation function approach is
thus expected to work for this model. Finally, we also give the coefficients A, B and C in the
case where the intermediate particle has a different mass mi from the dark matter mass. They
can be put in the form
A =
4
(1 + w2)2
−1 + 4x2 − 3x22 + 2x32 + w2
(
1− 2x2 + 3x22
)
(1− x2)(−1 + w2 + 2x2) ,
B = −1 + w
2
2
(1− x2) + 1
8(1 + w2)
1
(w2 + x2)2
(x2 − 1)
w4 − 1 + 2x2(1 + w2)(
− 3 + w10 + w8 (−3 + x2)− 14x2 − 28x22 − 20x32 + w6
(
6− 23x2 + 6x22 − 2x32
)
−w4 (2− 7x2 + 44x22 + 2x32)− w2 (−1 + 31x2 + 30x22 + 36x32)
)
C =
1
(w2 + x2)3
1
4(1 + w2)2
1
(−1 + w2 + 2x2)
(
3− w14 − 3w12(−1 + x2) + 8x2 (14.17)
−10x22 − 20x32 − 16x42 + 32x52 − w10
(−9− 31x2 − 6x22 + 2x32)
−w2 (1− 7x2 + 14x22 + 110x32 − 148x42)− w4 (11− 21x2 + 176x22 − 308x22 − 4x42)
−w6 (−9 + 102x2 − 232x22 − 96x32 + 4x42)− w8 (11− 70x2 − 90x22 − 16x32 + 4x42)
)
,
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wherew = mi/mDM. Furthermore, in Eq. (14.13) ln
(
x+−2
x−−2
)
has to be replaced by ln
(
x+−(1+w2)
x−−(1+w2)
)
.
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Chapter 15
How good is the fragmentation
function approach at the annihilation
point
In this section the energy spectrum of the Z boson in the full calculation is compared to the one
obtained from the fragmentation function approximation. In particular, we have adopted the
convention to normalise the distributions to unity, namely dNfdx =
1
〈σvcm〉
d〈σvcm〉
dx .
15.1 Supersymmetric model
For the full calculation, the distributions have been obtained numerically using a standard Monte
Carlo program. For the splitting function approach, it has been implemented it a Monte Carlo
program following the formula of Eq. (13.5) and the Sudakov parametrisation previously pre-
sented. For the supersymmetric case, the distributions obtained are shown in Fig. 15.1 where
it is manifest that the splitting function approach does not reproduce the behaviour of the full
calculation. This is due to the helicity suppression. The splitting function approach is meant to
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Figure 15.1: Z boson energy spectra for MDM = 500, 3000 GeV in the SUSY case.
reproduce the behaviour of a process in the limit of the emission of soft Z boson. The fragmen-
tation function approach predicts more soft gauge bosons than the actual calculation. This is
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Mass [GeV] 2→ 2 [pb] 2→ 3 [pb] splitting [pb]
150 2.642 4.583× 10−3 1.459× 10−3
300 0.6604 2.078× 10−3 1.597× 10−3
500 0.2378 1.202× 10−3 1.104× 10−3
1000 5.944× 10−2 5.362× 10−4 5.282× 10−4
3000 6.605× 10−3 1.221× 10−4 1.227× 10−4
Table 15.1: 〈σv〉 for the annihilation into electron and positron (2→ 2) and with the radiation of a Z boson (2→ 3)
in Universal Extra Dimension with different set of masses for the Kaluza-Klein resonances.
due to the fact that when the Z bosons are soft, the annihilation process suffers from helicity
suppression. So in the very kinematic region where the splitting function is supposed to work
and reproduce the soft Z bosons emission, the full calculation is suppressed. Thus despite the
fact that the 2→ 2 cross-section is lifted by electroweak corrections [202, 203, 207, 204], it still
keeps remnants of its suppression at the lowest order.
To remove this suppression one could set a mass to the electron but the splitting function
approach can still not reproduce the spectra obtained from the full calculation. This originates
from the fact that the splitting function [194] are designed to capture the behaviour of the
splitting of a massless fermion into a massless fermion and a massive boson. When replacing
artificially the massless fermion by a massive one, the kinematic boundaries encoded in these
functions are no more valid. It is thus understandable that the splitting function approach is not
working when one is artificially removing the suppressing behaviour. Thus the fragmentation
functions approach cannot accommodate all dark matter models, in particular not the one where
the dark matter particle is a Majorana fermion.
15.2 Universal Extra Dimension model
In the UED case, the process considered is B(1) + B(1) → e+ + e− + Z where the Z bosons
can either be radiated from the electron-positron pair or the intermediate particles. In general,
electroweak corrections are small, it is thus expected that the 2 → 3 process has a smaller
cross section than the 2 → 2 process. This is manifest in Table 15.1 where the cross section
obtained using the splitting function approach is also displayed. The numerical values used for
this calculation are cos2 θw = 0.768870 and α = 7.8125 × 10−3. The comparison between the
fragmentation function approach and the full calculation for the energy spectra of the Z boson
is depicted in Fig. 15.2. As this model does not suffer from any suppression, the approximation
is reproducing the full calculation better and better for an increasing dark matter mass.
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Figure 15.2: Z boson energy spectra for MDM = 150, 500, 1000, 3000 GeV in the UED case.
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Chapter 16
Propagation through the galaxy
The procedure for the evolution of final states is: the particles are generated first by the Monte
Carlo program, then the particles experience a parton shower1. It is done using the computer
program PYTHIA 8 [208, 209]. In particular PYTHIA accounts for the QCD and QED radiations,
for the decay of the Z boson and finally for the hadronisation of the final state particles. Then
the primary particles obtained are propagated through the galaxy2. To that end a Green function
approach [210] has been used3.
16.1 Stable particles and their propagation through the Galaxy
Our study does not aim at examining how the astrophysical inputs can impact the final flux. So
we have chosen a particular dark matter profile, namely the Einasto model:
ρEin(r) = ρs exp
(
− 2
α
[(
r
rs
)α
− 1
])
, (16.1)
where α = 0.17, rs = 28.44 kpc and ρs = 0.033 GeV/cm3. This function is fitted such that at the
location of the sun (r = 8.33 kpc), the dark matter density is ρ = 0.3 GeV/cm3.
The expression of the positron/electron flux after propagation at the location of the Earth
using a Green function approach is [210]
dΦe±
dE
(, r) =
1
4pi
ve±
bT ()
1
2
(
ρ
MDM
)2
〈σvcm〉DM DM→I
∫ MDM

ds
dNe±
dE
(s)I (λD(, s)) , (16.2)
with
dNe±
dE
=
1
〈σvcm〉DM DM→I
d〈σvcm〉DM DM→I ×BRI→e±
dE
, (16.3)
with  the energy, I ∈ {e+e−Z}, {e+e−} and ve± the velocity of the electron. The normalisation
is given by bT () = 2/τ where τ = GeV/b(1 GeV, r) = 5.7× 1015 sec. The functions λD and
I read
λD = λD(, s) =
√
4K0τ(δ−1 − δ−1s )/(1− δ) (16.4)
1This part of the calculation has been done by Leila Ali Cavasonza.
2In Ref. [193], a short overview of the cosmic propagation mechanisms is given.
3Other methods such as the computer program GALPROP [211] are usually also used.
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and
I(λD) = a0 + a1 tanh
(
b1 − `
c1
)[
a2 exp
(
−(`− b2)
2
c2
)
+ a3
]
, (16.5)
with ` = log10(λD/kpc). The values of the astrophysical parameters K0, δ, a0, a1, a2, a3, b1 and
b2 are taken from Ref. [210] where the medium (MED) Einasto profile has been considered.
For the propagation of antiproton, the flux at Earth of antiprotons due to dark matter anni-
hilation obeys a similar formula [210], namely
dΦe±
dK
(, r) =
1
2
vp
4pi
(
ρ
MDM
)2
R(K)〈σvcm〉dNp
dK
, (16.6)
where K is the kinematic energy defined as K = E −mp where mp is the mass of the proton
respectively. The function R is defined as
log10 [R(K)/Myr] = a0 + a1κ+ a2κ
2 + a3κ
3 + a4κ
4 + a5κ
5, (16.7)
with κ = log10(K/ GeV) and the astrophysical coefficients again taken from Ref. [210].
16.2 Numerical results after propagation through the galaxy
Several astrophysical experiments such as AMS-02, Fermi, PAMELA have been designed to de-
tect charged cosmic rays with high precision. It is thus relevant to provide predictions for the
positron and antiproton fluxes at Earth. We have thus compared different spectra of particles
in the universal extra dimension case against the result obtained following the fragmentation
function approach4.
The Fig. 16.1 shows the positron spectra after the parton shower and propagation. As it is
visible on Table 15.1, the electroweak corrections are small. This translates into the fact that the
expected amount of detected positrons is greatly smaller for the 2 → 3 process by comparison
to the 2 → 2 case. On Fig. 16.1, one can notice a “dip” at high energy. This originates from the
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Figure 16.1: Positron energy spectra for MDM = 500, 3000 GeV in the UED case after propagation.
Sudakov parametrisation adopted for the implementation of the splitting function approach. In
4We have checked that even after showering and propagation, in the supersymmetric case, the fragmentation
functions approach and the full calculation still do not agree.
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particular with this approach, it is not possible to account for interference effects in the 2 → 3
process. Thus the radiation of the Z boson is implemented such that it is emitted half of the
time from the electron and half of the time from the positron. In some sense, the non emitting
fermion does not “know” about the emission of the other. It thus keeps the same kinematic
that it had in the 2 → 2 process. This kinematic being fixed, this dip is a remnant of the delta
function for the energy of the outgoing particles. By looking at Eq. (13.9), one can understand
that with increasing mass, the function R will become negligible and thus the dip disappear. As
expected, the fragmentation function is working better for higher dark matter mass.
For the model considered, the antiprotons originate mainly from the decay products of the ra-
diated Z bosons and marginally from the electron/positron pair. Previously, it has been demon-
strated that the splitting function approach give a reliable Z boson spectrum at the annihilation
point. Thus the flux of antiprotons is also supposed to be well described by the fragmentation
function approach. This is manifest in Fig. 16.2. The prediction made using the splitting func-
tion approach is in agreement at the 10% level with the full computation for the low energy
positron. Concerning the high energy antiprotons, one cannot be conclusive as the statistical
significance is low.
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Figure 16.2: Antiproton spectra for MDM = 500, 3000 GeV in the UED case after propagation.
Thus from this analysis, one can infer that the splitting function approach is a valid approach
to reproduce radiations. Nonetheless it cannot be applied blindly to any dark matter model. In
particular, models suffering from (helicity) suppression at the lowest order, cannot be repro-
duced appropriately with this approach. Moreover, as it is an approximation, it is not valid over
the whole range of parameters of the theory. More specifically, this approach is designed such
that it reproduces the large logs arising when the mass of the dark matter particle is big.
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Part VI
Conclusion
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As argued previously, physics beyond the standard model is well motivated. Finding or
excluding it in experiments is thus of vital importance. To that end, appropriate and reliable
predictions are needed. This is achieved by computing higher order corrections. In particular,
supersymmetry is one of the best motivated beyond the standard model theories. It provides a
dark matter candidate and solves the hierarchy problem. It is thus a central task of the physics
program at the LHC to search for supersymmetric particles. Note that dark matter can also be
probed in astrophysical experiments by studying the decay products of dark matter annihilation.
Studying the impact of the higher order corrections to beyond the standard model theories is
thus also timely.
In this work, the next-to-leading order supersymmetric QCD corrections to the decay of
squarks and gluinos have been computed analytically. Following a technique developed for
top decay at next-to-leading order, this allows to perform a fully differential calculation for ar-
bitrary distributions. These calculations have been implemented in a Monte Carlo program and
combined with their production processes. In particular, it has been discussed how to combine
consistently production processes and decays at next-to-leading-order. The conclusion is that
if the corrections to the total width are small, the standard technique is sufficient. Compar-
ing leading order and next-to-leading order distributions shows that simply rescaling leading
order quantities by global K-factors is not a satisfactory procedure. In particular, both the pro-
duction processes and decays at next-to-leading order reveal shape distortion by respect to the
leading order observables by up to 30%. Moreover the effect due to the spin of the gluino as
been inferred. For gluino production, it can be of the order of 10%. It seems that the inclusion
of next-to-leading order corrections in the decay allows for a better distinction of various spin
effects. The study of spin effects is important if new resonances are found to distinguish dif-
ferent new physics theories or to determine the spectrum of supersymmetric particle with high
precision. All this studies demonstrate the usefulness of next-to-leading order calculations for
precise predictions at the LHC.
Finally a dark matter study in the context of indirect detection has been performed where
collider techniques have been applied. In particular, it has been focused on inferring the validity
of the fragmentation functions approach. To that end, distributions at the annihilation level
have been compared. After this, the final states particles have been decayed and hadronised
into stable standard model particles. The later have been propagated through the galaxy. Fluxes
of positrons and antiprotons at earth have then been computed. It has been found that the
fragmentation functions approach is only valid for high dark matter mass and for models where
the dark matter candidate is not a Majorana fermion. Thus care has be taken when using this
model independent technique.
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Chapter 17
Colour structure
SU(N) algebra
First some useful formulas for the SU(N) algebra are reviewed. We start with general formula
and then give them for specific representation namely the fundamental and the adjoint repre-
sentation. If ta(R) is a generator of SU(N) in a given representation R, then:
[ta(R), tb(R)] = ifabct
c(R), (17.1)
Tr[ta(R)tb(R)] = TRδab, (17.2)
∑
a
(ta(R))2 = CRIdR, (17.3)
with TR and CR, invariants defined according to the previous equations. In particular they are
related through:
TR =
dR
dG
CR, (17.4)
where dG is the dimension of the group and dR is the dimension of the matrix representation.
Fundamental representation
In the fundamental representation, the generators of SU(N) will be called T a. We choose the
normalisation as TF = 1/2. In this case:
T aijT
a
kl =
1
2
(
δilδkj − 1
N
δijδkl
)
. (17.5)
It follows that
T aikT
a
kl = CF δil, (17.6)
with
CF =
N2 − 1
2N
. (17.7)
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One can further show that:
fabcT
bT c =
i
2
NT a, (17.8)
Tr[T aT b] =
1
2
δab. (17.9)
T bβαT
a
αγT
b
γδ =
(
CF − 1
2
N
)
T bβδ. (17.10)
Adjoint representation
In the adjoint representation the generators are
(T a)bc = −ifabc. (17.11)
It means that TA = CA = N . It leads to
fdacfbdc = −Nδab. (17.12)
Colour factors
These formula can be associated with diagrams displayed in Tables 17.1 and 17.2.
Feynman rules in supersymmetric-QCD
Propagators
The propagators for a scalar particle, a fermion, a gluon and a gluino are displayed in Table 17.3
in Feynman gauge.
Vertex
In Table 17.4 the vertices in supersymmetric-QCD are displayed .
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a
fdac
c
d
f bdc
b fdacf bdc = Ncδab
i
T aik
k
a
T akj
j T aikT
a
kj = CF δij
a
j
T aij
i
T bij
b Tr[T aT b] = 12δab
a b
fabc T
b
βα
T cαγ
β
γ
α
c
fabcT bβαT
c
αγ =
i
2NcT
a
βγ
Table 17.1: Color factors for supersymmetric QCD.
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aT aγα
β
α
T bβα
T bγδ δ
γ b
T bβαT
a
γαT
b
γδ =(
CF − 12Nc
)
T bβδ
a
T aασ
β
σ
T bβα
T bσγ
c
γ
α T cβγ
b T
a
ασT
b
αβT
b
σγT
c
βγ =(
CF − 12Nc
)
1
2δ
ac
a
T aαβ
β
T cαγ T
c
σγγ
bα σ
T bβσ
c T
a
αβT
c
αγT
c
σγT
b
βσ = CF
1
2δ
ab
d
T aβσ
β
σ
b a
c
T bγβ
T cγσ
γ fabc T dσβT
c
σγT
b
βγf
abc = i4Ncδ
ad
a d
T dβα
β
c
α
e f
T eαβ
fdac ffec fdacT dαβT
e
βαf
fec = −Nc2 δaf
Table 17.2: Color factors for supersymmetric QCD.
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p i
p2−m2
p i
/p−m = i
/p+m
p2−m2
q
i
q2
(−gµν) δαβ
g
i /
g+m
g2−m2
Table 17.3: Feynman rules for propagators for supersymmetric QCD.
α
µ, a
β
−ig3T aαβγµ
β
α
a
q˜R
qR
−ig3T aαβ
√
2PL
p, α
µ, a
p′, β
−ig3 (p+ p′)µ T aαβ
a
µ, b
c
−fabcg3γµ
p, α
µ, a
p′, β
−ig3 (p+ p′)µ T aαβ
Table 17.4: Feynman rules for vertices for supersymmetric QCD.
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Chapter 18
Phase space
Two particles phase space for decay
In the center of mass of the squark, its four momentum is q = (mq˜,~0). The two particles phase
space reads
dΦ(2) =
∫
d3p1
(2pi)32p01
d3p2
(2pi)32p02
(2pi)4δ(4)(q − p1 − p2)
=
∫
d4p2
(2pi)2
d3p1
2p01
δ(p22 −m2χ)Θ(p02)δ(4)(q − p1 − p2)
=
∫
d3p1
(2pi)22p01
δ((q − p1)2 −m2χ)Θ(q0 − p01)
=
1
(2pi)2
∫
1
2
d|~p1|
p01
|~p1|2dΩ3δ(m2q˜ − 2mq˜p01 +m2q −m2χ)Θ(q0 − p01)
=
1
(2pi)2
1
4mq˜
∫
dp01
√
(p01)
2 −m2qdΩ3δ
(
m2q˜ +m
2
q −m2χ
2mq˜
− p01
)
Θ(q0 − p01)
=
4pi
(2pi)2
1
4mq˜
√√√√(m2q˜ +m2q −m2χ
2mq˜
)2
−m2q
=
1
pi8m2q˜
λ
1
2 (m2q˜ ,m
2
q ,m
2
χ), (18.1)
where dΩ3 = 4pi. For the gluino decay, in a similar way
dΦ(2) =
1
pi8m2g˜
λ
1
2 (m2g˜,m
2
q ,m
2
q˜). (18.2)
Three particles phase space for decay
This parametrisation originates from Ref. [83]. The three particles phase space reads
123
dΦ(3) =
∫
dd−1p1
(2pi)d−12p01
dd−1p2
(2pi)d−12p02
dd−1k
(2pi)d−12k0
(2pi)dδ(d)(q − p1 − p2 − k),
=
∫
dd−1p1
(2pi)d−12p01
dd−1k
(2pi)d−12k0
Θ(p0 − k0 − p01)2piδ
(
(q − k − p1)2 −m22
)
,
=
1
4
∫
dΩd−1
(2pi)d−1
dΩd−2
(2pi)d−2
d cos θdk0dp01(p
0
1k
0)d−3(sin(θ))d−4δ
(
(q − k − p1)2 −m22
)
,
=
1
8
∫
dΩd−1
(2pi)d−1
dΩd−2
(2pi)d−2
d cos θdk0dp01(p
0
1k
0)−2(1− cos2 θ)−δ(cos θ − cos θ0).
(18.3)
The three parameters to integrate are p01, k
0 and cos θ. A change of variable from (p01, k
0) to
(y, z) will be performed and the integration of cos θ will be done using the delta function. The
parametrisation reads
p1 · k = mq˜
2
2
(1−√r)2y , (18.4)
p1 · p2 = mq˜
2
2
(1− r)z. (18.5)
It implies:
p1 · q = mq˜
2
2
(1− r)z + mq˜
2
2
(1−√r)2y , (18.6)
k · q = mq˜
2
2
(1− r)(1− z). (18.7)
In the center of mass of the squark,
dp01
dy
=
m
2
(1−√r)2 and dk
0
dz
= −m
2
(1− r). (18.8)
Knowing that k ·q is always positive (1 > r > 0) and due to the fact that p1 represents a massless
particle, k · q can take any value between 0 and mq˜22 (1− r). Thus the boundaries of the variable
z are necessary for z = 0 and z = 1. The boundaries of the variable y depend on z and cos θ. By
definition of the angle θ,
p1.k = p
0
1k
0(1− cos θ) = mq˜
2
2
(1−√r)2y, (18.9)
which is equivalent to
mq˜
2
2
(1−√r)2y = mq˜
2
4
((1− r)z + (1−√r)2y)(1− r)(1− z)(1− cos θ). (18.10)
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Knowing that by definition y cannot be negative (see Eq. (18.9)) and by expressing y as a
function of cos θ one finds that
ymin = y(cosθ = 1) = 0 and ymax = y(cos θ = −1) = (1 +
√
r)2z(1− z)
z + r(1− z) . (18.11)
By use of Eq. (18.9), one obtains
(p01k
0)2(1− cos2 θ) = mq˜
4
4
(1−√r)4y2 1 + cos θ
1− cos θ . (18.12)
Furthermore, the argument of the delta-function is (p− k − p1)2 −mχ2 = mq˜2 −mχ2 − 2p.p1 +
2p01k
0(1− cos θ) and can be used to determine cos θ0. In particular one gets
1 + cos θ0
1− cos θ0 = y
−1(ymax − y)(z + r(1− z)) . (18.13)
Finally knowing that
∫
dΩd =
2pid/2
Γ(d/2) , the three particles phase space reads,
dΦ(3) =
(1− r)(1−√r)2−4
32(2pi)4
(mq˜
2)1−2(4pi)3
Γ(1− ) dΩd−1 ×
×
∫ 1
0
dz(r + z(1− r))−
∫ ymax
0
dy(ymax − y)−y−
= Π2
(1−√r)2
16pi2
(mq˜
2)1−(4pi)
Γ(1− ) ×
×
(
1 +
√
r
1−√r
)2 ∫ 1
0
dz(r + z(1− r))−
∫ ymax
0
dyy−(ymax − y)− .
(18.14)
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Chapter 19
Calculation of integrals
Calculation of CO
We give here a detailed derivation of the scalar integral C0 in the particular case:
C0(0, p2
2, q2; 0, 0,mq˜
2) =
(4piµ˜2)
ipi2−
∫
ddk
1
(k + p1)2k2 ((k + q)2 −mq˜2)
=
(4piµ˜2)
ipi−d/22−d
∫
ddl
(2pi)d
2
D3
dxdydzδ(1− x− y − z),
(19.1)
with
D = x
(
(k + q)2 −mq˜2
)
+ y(k + p1)
2 + (1− x− y)k2
= x(k2 + 2k.q) + y(k2 + 2k.p1) + (1− x− y)k2
= k2 + 2(xk.q + yk.p1). (19.2)
It can be rewritten as
D = l2 −∆, (19.3)
with
l2 = (k + xq + yp1)
2
= k2 + 2(xk.q + yp1.k) + (xq + yp1)
2
= k2 + 2(xk.q + yp1.k) + (x
2mq˜
2 + 2xyqp1) . (19.4)
Knowing that
2q.p1 = (mq˜
2 −mχ2), (19.5)
then
∆ = x2mq˜
2 + xy(mq˜
2 −mχ) . (19.6)
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After performing the Feynman integration, it reads
C0(0, p2
2, q2; 0, 0,mq˜
2) =
(4piµ˜2)
ipi−d/24−d/2
∫
i2(−1)3
4d/2
Γ(1 + )
Γ(3)
∆−1−dxdydzδ(1− x− y − z)
= −Γ()
(
4piµ˜2
mq˜2
)
1
mq˜2
∫ 1
0
dx
∫ 1−x
0
dy
(
x2 + xy(1− r))−1−
= Γ()
(
4piµ˜2
mq˜2
)
1
mq˜2 −mχ2
∫ 1
0
dx
1
x
[(
x2 + x(1− x)(1− r))− − x−2]
=
1
mq˜2 −mχ2
(
µ2
mq˜2
)
(exp(γ))Γ()
(
1
2
− (1− r)
−

Hyp(−, , 1− , −r
1− r )
)
=
1
mq˜2 −mχ2
(
µ2
mq˜2
)(
1

− γ + (pi
2
12
+
1
2
γ2)
)(
1 + γ + 2
γ2
2
)
×
(
− 1
2
+ ln(1− r)−  ln2(1− r)− Li2(r)
)
=
1
mq˜2 −mχ2
(
µ2
mq˜2
)(
− 1
22
+
ln(1− r)

− ln2(1− r)− Li2(r)− pi
2
24
)
.
(19.7)
Vertex correction to squark decay with gluino exchange
The relevant integral is
Int =
(4piµ˜2)
ipi2−
∫
ddk
2
[
(k + q)2 −mq˜2
]− (k + p1)2 + 4p1.p2 + 2mχ/k
(k + p1)2k2 ((k + q)2 −mq˜2)
= I ′ + I ′′ + I(3) . (19.8)
The integral I ′ corresponds to the scalar part of the numerator and can be rewritten as
I ′ =
(4piµ˜2)
ipi2−
∫
ddk
[
2
k2(k + p1)2
− 1
k2 ((k + q)2 −mq˜2)
]
= 2B0(p1
2; 0, 0)−B0(q2; 0,mq˜2) . (19.9)
using
k2 + 4p2.k + 2p1.k = 4q.k − 2p1.k + k2
= 2
[
(k + q)2 −mq˜2
]− (k + p1)2 . (19.10)
Knowing that 4p1.p2 = 2(mq˜2 −mχ2), I ′′ reads
I ′′ = 2(m2q˜ −mχ2)
(4piµ˜2)
ipi2−
∫
ddk
1
(k + p1)2k2 ((k + q)2 −mq˜2)
= 2(m2q˜ −mχ2)C0(0, p22, q2; 0, 0,mq˜2), (19.11)
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where B0 and C0 are scalar integral [73, 157, 212]. Finally the term proportional to the gamma
matrix I(3) is
I(3) = Cνγ
ν
=
(4piµ˜2)
ipi2−
∫
ddk
mχkν
(k + p1)2k2 ((k + q)2 −mq˜2)γ
ν
≡ (Ap1ν +Bp2ν)γν = −Bmχ . (19.12)
In the last step, the Dirac equation has been used. This integral can only depend on p1 and p2.
Then one can used the following trick:
Cνp1
ν =
1
2
B(mq˜
2 −mχ2)
= mχ
1
2
[
B0(q
2; 0,mq˜
2)−B0(p22; 0,mq˜2)
]
. (19.13)
This implies that
I(3) = Cνγ
ν
=
−mχ2
mq˜2 −mχ2
[
B0(mq˜
2; 0,mq˜
2)−B0(mχ2; 0,mq˜2)
]
. (19.14)
Note that B0(p12; 0, 0) is a scaleless integral and so is set to zero in dimensional regularisation
scheme. Finally the vertex the corrections due to gluon exchange are
Fg =
1
2
[
2(m2q˜ −mχ2)C0(0, p22, q2; 0, 0,mq˜2) + 2B0(p12; 0, 0)−B0(q2; 0,mq˜2)
− mχ
2
mq˜2 −mχ2
(
B0(mq˜
2; 0,mq˜
2)−B0(mχ2; 0,mq˜2)
) ]
=
(
µ2
mq˜2
) [
− 1
22
+
1

ln(1− r)− pi
2
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− ln2(1− r)− Li2(r)
− 1
2
− 1 + ln(1− r) +O()
]
. (19.15)
Self-energy of the gluino with squark and quark in the loop
This contribution has already been obtained previously. It can also be obtained using the method
of Passarino-Veltman tensor reduction. This will enable us to use scalar integral in the numerical
implementation of the corrections.
−iΣg˜q˜ = −g23µ˜2
∫
ddk
(2pi)d
/k
k2
1
(k + p)2 −m2q˜
= − ig
2
3
(4pi)2
∫
k
/k
k2
1
(k + p)2 −m2q˜
= − ig
2
3
(4pi)2
γµBµ, (19.16)
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where we have used the notation
∫
k =
(2piγ˜)2
ipi2
∫
ddk. Postulating that Bµ can only depend on the
external momenta p, it yields
Bµ = pµB. (19.17)
Thus on one hand,
pµBµ = p
2B, (19.18)
and on the other hand,
pµBµ =
∫
k
k.p
k2
(
(k + p)2 −m2q˜
) . (19.19)
Knowing that
k.p =
1
2
([
(k + p)2
])− k2 − (p2 −m2q˜). (19.20)
Thus
pµBµ =
1
2
[−A0(m2q˜)− (p2 −m2q˜)B0(p2, 0,m2q˜)] , (19.21)
which gives
B =
1
2p2
[−A0(m2q˜)− (p2 −m2q˜)B0(p2, 0,m2q˜)] . (19.22)
Finally
dΣg˜q˜
d/p
∣∣∣∣
/p=mg˜
= αs
2pi
m2g˜
−1
16pi2
[
−A0(m2q˜) + (m2g˜ +m2q˜)B0(m2g˜, 0,m2q˜) + 2m2g˜(m2g˜ −m2q˜)B˙0(m2g˜, 0,m2q˜)
]
.
(19.23)
Note that if one considers degenerate squark mass, this diagram appears twice and a factor two
should be added as well as a factor nf accounting for the number of light quarks involved in the
loop. In general the corrections due to this diagram for light quarks reads
F ′f =
2nf∑
i=1
2pi2
m2g˜
−1
16pi2
[
−A0(m2q˜i) + (m2g˜ +m2q˜i)B0(m2g˜, 0,m2q˜i) + 2m2g˜(m2g˜ −m2q˜i)B˙0(m2g˜, 0,m2q˜i)
]
.
(19.24)
For the sake of clarity, the comparison between the two results reads
2pi2
m2g˜
−1
16pi2
[
−A0(m2q˜i) + (m2g˜ +m2q˜i)B0(m2g˜, 0,m2q˜i) + 2m2g˜(m2g˜ −m2q˜i)B˙0(m2g˜, 0,m2q˜i)
]
=
f(Ri)
2
− 1
8
− 1
8
log
(
µ′2
m2q˜i
)
, (19.25)
where Ri = m2g˜/m
2
q˜i
and µ′ is the ’t Hooft unphysical scale introduced to preserve the correct
the mass dimension. Thus when using Passarino-Veltman function Fren has to be modified to:
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Fren =
3Nc − nf
4
log
(
µ2
µ′2
)
. (19.26)
In a similar way, the same diagram can be calculated with the contribution of the top quark
(considered as massive). The results is:
Ft =
2pi2
m2g˜
−1
16pi2
[
2A0(mt)− 4m2g˜σ2θ˜
(
B˙0(m
2
g˜,m
2
t˜1
,m2t )− B˙0(m2g˜,m2t˜2 ,m
2
t )
)
+
2∑
i=1
−A0(m2t˜i) + µt˜ig˜tB0(m
2
g˜, 0,m
2
t˜i
) + 2m2g˜µg˜tt˜iB˙0(m
2
g˜, 0,m
2
t˜i
)
]
, (19.27)
with µijk = m2i +m
2
j −m2k and σ2θ˜ = mtmg˜ sin(2θ˜). The angle θ˜ defines the mixing between the
mass eigenstates and the current eigenstates of the “stop” as(
t˜1
t˜2
)
=
(
cos(θ˜) sin(θ˜)
− sin(θ˜) cos(θ˜)
)(
t˜L
t˜R
)
. (19.28)
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